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А SUPERCHARGED HEAVY DUTY GAS TURBINE AND STEAM CYCLE 
AS A PROPULSION PLANT FOR NAVAL AUXILIARY SHIPS 


by 
ROBERT BRUCE WOODRUFF 


Submitted to the Department of Ocean Engineering on June 2, 1972, 
in partial fulfillment of the requirements for the degree of Ocean 
Engineer and Master of Science in Mechanical Engineering. 


ABSTRACT 


A large, heavy duty industrial gas turbine is proposed as the prime 
mover for the propulsion plant in a large displacement high-speed Naval 
Auxiliary ship of the Fast Combat Support Ship Class (AOE-1 Class). The 
analysis consists of showing the feasibility of such a plant when oper- 
ating at full power, and includes size, weight and cost data along with 
a suggested plant layout for this specific class of ship. 

The cycle is of the combined gas turbine and steam type, and con- 
sists of a General Electric frame size 5 industrial gas turbine. The 
inlet to the compressor of the gas turbine is supercharged to 1.4 atmos- 
pheres by a 2 stage axial compressor which is steam driven. An external 
intercooler using seawater removes the heat of supercharger compression, 
and thus the inlet temperature to the main compressor is the same as 
ambient. The higher pressure at inlet, coupled with no increase in tem- 
perature, allows the gas turbine to perform at significantly higher 
power levels. The ship is driven by a controllable pitch propeller at 
50,000 SHP. 

Exhaust from the gas turbine is used to generate steam in an unfired 
waste heat recovery steam generator. The steam pressure is at 450 psig, 
7509 Е. and is used to drive the supercharger and for turbogenerator 
sets, as well as for normal hotel loads. This gives an all-purpose fuel 
rate at full power of 0.444 and a thermal efficiency of 0.316, base on 
Navy Distillate fuel. 

Among the conclusions reached concerning the feasibility of placing 
a supercharged heavy duty gas turbine in a marine environment are the 
following: 

1) It would be feasible to place a heavy-duty supercharged gas 

turbine and steam cycle aboard a large Naval Auxiliary ship. 

2) The specific fuel rate at full power, 0.444, is significantly 
better than that of the presently installed steam plant and 
compares favorably with aircraft derivative marinized gas 
turbines. The annual saving in fuel costs to the Navy would 
be on the order of 30%. 

3) While supercharging of the gas turbine is an interesting 
thermodynamic consideration, it is concluded that, in a marine 
propulsion plant with a combined cycle, the steam generated is 
best used by coupling a steam turbine directly to the main shaft. 
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4) The use of intercooling a gas turbine cycle aboard ship is 
particularly useful as it reduces sea salt concentrations. 
5) The life cycle costs of a steam plant are less than that of 
a supercharged gas turbine cycle. 
Thesis Supervisor: A. Douglas Carmichael 
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Professor of Power Engineering 
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1. INTRODUCTION 


The recent developments in the use of gas turbines for propelling 
ships has produced significant speculation as to the direction they are 
actually going to take in the coming years. The idea is still too new, 
the machinery not yet fully proven, to be able to draw any significant 
conclusions about the future. The gas turbine does have the general ad- 
vantages of ease in starting and automation, as well as low specific 
weight and volume. Some of the aspects which have tended to hold it back 
as a prime mover for ships are the fact that it is uni-directional (ar- 
rangements necessary to go astern), has poor performance except when at 
or near full power, and has a thermal efficiency which generally is lower 
than steam throughout the power ranges. | 

The U. S. Navy and other navies of the world, as well as a few mer- 
chant ship owners, have purchased and tested second generation marinized 
aircraft derivative gas turbines with a fair amount of success. (1, 2, 3, 
4, 5) These engines have been developed from those used to power air- 
craft, and are small, very efficient, and operate at high pressure ratios. 
The other general family of gas turbine, the industrial, or heavy-duty 
type, has seen many hours throughout the world, primarily in land based 
requirements such as power generation, gas pipelines and chemical proces- 
Sing plants. They have received very little, if any, attention in con- 
sideration as a propulsion plant for large ships. In the late 1950's, the 
Maritime Administration undertook a program to look at different propul- 
Sion plants for merchant ships. One of these involved the use of an 
industrial gas turbine, and for four years the ship steamed successfully 


with very little maintenance problems, amassing a total of 10,000 hours 
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on the line with no major casualties. (6) The funds for this ship ran 
out in 1959, and there was no follow-on program to pursue the use of the 
heavy duty gas turbine in the shipboard environment. 

The U. S. Navy in the 1960's continued to rely on steam plants for 
all classes and sizes of ships. The United States has enjoyed a very 
favorable position in steam technology since World War II--in design, 
manufacture, as well as operating experience. The late 1960's, however, 
showed some serious drawbacks to steam plants in the specific aspect of 
reliability and availability, and the numerous failures for the Navy's 
"ships of the line" began to wear severely the patience of its operational 
commanders. The early part of the decade had seen wide acceptance of air- 
craft derivative gas turbine for unconventional craft such as hydrofoils, 
patrol craft (7), and surface effect ships--any other power plant could 
not compete with its low pounds per horsepower ratio. Additionally, 
numerous studies had been made using combined cycles of steam and gas 
turbine (COSAG) (8), and many foreign navies had been using or building 
gas turbine plants since the first part of the decade. (9, 10, 11, 12) 
Thus the stage had been set for the gas turbine. With the status of the 
supercharged or pressure fired boiler as a maintenance disaster,* the fate 
of the steam plant was sealed. The success of the GTS Adm. William M. 
Callaghan in the use of aircraft derivative gas turbines convinced the 
U. S. Navy that there was indeed a future for this propulsion plant. The 


aforementioned advantages, plus the ability of an engine change out within 


“Тһе author had the opportunity to serve as Engineer Officer on one of 


these ships, the USS J.A. Furer, a guided missile escort destroyer. 
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hours (as opposed to any maintenance aboard ship) gave the plant impetus 
to cause the Navy to choose aircraft derivative gas turbines for the new 
Spruance Class destroyer (DD 963) and the Patrol Frigate (PF) Class. 

The U. S. Coast Guard, in its Hamilton Class Cutter (WHEC 378 Class) 
uses Pratt and Whitney FT4-A aircraft derivative gas turbines coupled 
with diesels for cruise power. While all ships have proven to be fairly 
reliable, first indications are that the gas turbine plants may be extreme- 
ly costly to maintain. Most of the ships have had at least one change out 
of an engine, and some have had two, at an estimated cost of 150,000 dollars 
per change. The average time on these engines has been between 2-3,000 run- 
ning hours. While the engine change outs are relatively easy to accomplish 
in a short amount of time, there still remains a tremendous cost factor, and 
the "zip in, zip out' concept needs a second look from the dollars and cents 
point of view. (13) The second major problem with these engines has been 
failure of inlet guide vanes at about the 3,000-hour mark at an estimated 
cost of replacement of 20,000 dollars. In short, one must ask the rhetori- 
cal question of whether the aircraft derivative engine is truly suitable for 
twenty years in a marine environment where it must digest large quantities 
of salt air and where the machines are subjected to constant cyclic "С" 
forces in six degrees of freedom? This is a far cry from an aircraft which 
spends much of its time at a constant altitude, at the same power levels, 
and with nearly the same inlet conditions. 

While the aircraft derivative may eventually rule for ships with 
smaller displacements (hydrofoils, destroyers, etc.) the industrial gas 
turbine may be desirable for ships that are not volume limited. Larger 


ships in the Navy have always used steam plants, and the higher operating 
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costs at higher specific fuel rates have been accepted as the price to pay 
for good reliability, availability and maintainability. The industrial 
gas turbine in combinations with a waste heat boiler, or heat recovery 
steam generator, has thermal efficiencies and fuel rates significantly 
better than the steam plant. 

The advantages of heavy duty gas turbines have been made well known 
by the manufacturers, who claim: 

1) First cost competitive with A/C derivative G.T., diesel and 
steam; 

2) High proven reliability in marine environment (SS John 
Sergeant) and nearly 35 million hours (GE) on the line-- 
some of which has been in salt air environment in off- 
shore drilling rigs; 

3) More rugged construction than A/C derivatives with durability 
approaching steam turbines; 

u) Longer times between overhaul than A/C derivatives (20,000 
vs 4,000 hours) and lower maintenance costs than A/C G.T.; 

5) Manning requirements (ease of automation) competitive with 
diesel and A/C G.T., easier to automate than steam; 

6) Wider range of fuels allowed--although Navy distillate ex- 
pected, unsettled world conditions may make it strategi- 
cally important for support ships to be able to burn 
residual with minor modifications; 

7) Lower lube oil costs; 


8) Fuel rate competitive with diesel, steam and A/C derivatives; 
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9) Very low specific weight and volume for greater cargo capac- 
ity; 
10) Shorter time to get on the line and flexible power range 
with two-shaft G.T. 

With these factors in mind, coupled with the idea that industrial gas 
turbine will no doubt become more efficient as temperatures and pressure 
ratios increase, (Fig.1.1)(14) it appears that Navy support ships (or other 
ships with very large displacements) could make use of the industrial gas 
turbine as they operate at high speeds a larger portion of their time. The 
platform used in the analysis of this supercharged combined cycle is the 
Fast Combat Support Ship (AOE-1 Class) whose mission is to run with a 
Fast Carrier Task Force and keep it supplied at sea with a minimum of time 
away from operations. 

A photograph of the ship Sacramento (AOE-1) is shown in Figure 1.2 
(15). The Sacramento Class has the following general characteristics: (16) 

Length: 792 feet 

Beam: 107 feet 

Draft: 39 feet 

Displacement: 53,600 tons 

Speed: 26+ knots 

Shaft horsepower: Twin screw @ 50,000 SHP each 
Crew: 608 officers and men 


Fuel capacity: 8,000,000 gallons 
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2. SELECTION OF A GAS TURBINE CYCLE 


In Chapter 1, the feasibility of using an industrial gas turbine as 

a prime mover for ships was discussed. As stated earlier, most of the 
heavy-duty gas turbine applications would be expected to be used in a 
larger ship, on the order 20,000 tons or greater. From a thermodynamic 
standpoint, what would be the most effective cycle to use to drive the 
Fast Combat Support Ship (AOE-1 Class)? For purposes of simplification, 
the closed cycle gas turbine and reheat cycles have been ruled out. Опе 
may then consider the following five cycles: (Fig. 2.1) 

1. Simple Cycle 

2. Regenerative Cycle 

3. Intercooled (external or internal) 

Ц. Intercooled and regenerative 

5. Any of the above in combination with a vapor cycle 

(e.g. steam) using the gas turbine exhaust 
The simple cycle, while it is generally economically competitive with 

other prime movers, with respect to acquisition costs, has a rather low 
thermal efficiency and is dependent on low fuel costs unless the pressure 
ratio and turbine inlet temperatures are high. The regenerative cycle in- 
creases the thermal efficiency significantly at low pressure ratio, but 
the large acquisition costs coupled with size and weight considerations 
has ruled out its use by itself in many power applications. Additionally, 
the use of a regenerator alone reduces the output because of the additional 
pressure drops. The regenerator tends to have the most pronounced effect 


on conserving thermal energy at lower pressure ratios (less than about 5:1) 
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Figure 2.1 Gas Turbine Cycle Combinations 
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depending to some extent on firing temperature. With most modern industri- 
al gas turbines operating at higher pressure ratios, the object then be- 
comes to reduce compressor horsepower in any available way. This calls for 
intercooling of the compressor between stages, either internally or exter- 
nally. Here also, there is an associated pressure loss, but the reduction 
in air temperature with subsequent reduction in compressor work offsets 
this pressure loss, assuming a well designed heat exchanger. 

The intercooled and regenerative cycle allows for a very efficient 
combination, since intercooling alone does not warrant the added cost. 

With a lower discharge temperature from the compressor due to intercooling, 
the energy in the exhaust may now be regained by using a regenerator, as- 
suming the gas turbine exhaust temperature does not approach too closely 
the compressor outlet temperature. It would appear then that this cycle, 
from the standpoint of specific power and thermal efficiency, is the most 
desirable one. 

An alternative way to improve the efficiency of the gas turbine cycle 
is to add a vapor cycle (generally steam) by using the waste gases from the 
gas turbine in a Rankine cycle. This method has been used in many different 
applications throughout the world where fuel costs are high. While a waste 
heat boiler could be used in concert with a regenerator, most applications 
would dictate one or the other insofar as insufficient heat would remain 
after the regenerator to generate any appreciable amount of steam in the 
heat recovery steam generator. Thus the consideration of a combined cycle 
for purposes of analysis will be made with an intercooler and a waste heat 
boiler. Comparative efficiencies of combined cycles are shown in Figure 


2.2 (17). The choice of steam as the working fluid in the Rankine cycle 
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is an obvious one, as the steam technology (particularly shipboard) has 
been developed to a level that allows for reliability and ease of mainte- 
nance. Additionally, steam is desirable due to its properties which 
enable one to transfer the waste heat to another fluid which is capable of 
producing work down to a lower temperature level. Thus the combined cycle 
allows significant increase in thermal efficiency and attendant reduction 
in specific fuel consumption while not detracting too much from the basic 
simplicity of the gas turbine. 

The combined cycle may take many forms. However, two large distinc- 
tions may be made in their use, particularly with respect to ships: 

l. The heat recovery steam generator may be unfired or 
fired. The latter can be done in a variety of 
ways but generally a grid type fuel oil burner, 
spray nozzles, or a hot gas generator at boiler 
inlet are used; 

2. The steam may be used to drive a steam turbine coupled 
to the propeller shaft to provide primary power; 
this is usually called COSAG with the gas turbine 
providing the "boost" power; the steam turbine 
may be used for secondary or "boost" power, with 
the gas turbine providing main power--this is 
usually referred to as COGAS or STAG. (18, 8) 

Both of these systems have seen use in the propulsion of ships--COSAG 
plants have been used in European navies and the General Electric Company 
is about to install a steam and gas turbine (STAG) cycle on two roll-on, 


roll-off containerships for Broken Hill Proprietary Company, Ltd., in 
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Australia and in one ethylene/methane tanker for Hilmar Reksten in Norway. 
(See Figure 2.3)(19.) The John Sergeant did have a waste heat boiler in 
use for hotel loads, but the steam turbine was only coupled to the shaft 
in the event of an emergency. 

A common reaction to the combined cycle is that it is very complex-- 
the worst of both worlds, if you will. To some extent this is true--the 
complexity has gone up, the ability to make full power out to the shaft is 
dependent on more components--but these comments deserve a second look. 
First of all is the consideration of fuel consumption. While the simple 
cycle looks like a well packaged prime mover, it suffers from unacceptable 
specific fuel consumption and as Figure 2.4 (20) shows, 73% of the input 
heat energy is lost up the stack. (20) While the use of it as a prime 
mover for a naval vessel may reduce this argument somewhat, perhaps the 
Navy, in the corporate sense, should look more closely at life cycle costs 
with respect to fuel. For one ship the added fuel costs may be only a 
small portion of the operating costs, but for a class of 20 ships this can 
add up to a sizable portion of the operational budget. In the combined 
cycle, the waste heat boiler in the unfired configuration allows the steam 
evaporation rate to float and no sophisticated control system is required. 
Also the steam part of the combined plant is smaller than the equivalent 
steam plant yet produces the same power out to the shaft, with correspond- 
ingly smaller component and pipe sizes, etc. 

An attractive variation of the combined gas and steam turbine uses 
the steam cycle to drive a supercharger "pre-compressor" rather than to 
couple a steam turbine directly to the shaft. The supercharged cycle 


would include an intercooler to use the heat sink of the sea, so readily 
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Figure 2.4 Energy Flow Diagram (20) 





„ОЕ 
available on a ship. Shipboard gas turbine plants generally do not use 
intercooling and it would appear that more consideration of this prospect 
is warranted. In making a comparison with the steam plant, it should be 
noted that the STAG plant is normally not intercooled for shipboard use. 
This form of combined gas turbine and steam cycle is the subject of the 
thesis. 

The supercharging of industrial heavy-duty gas turbines has not been 
practiced to any appreciable degree in the United States or anywhere in 
the world as well as can be determined. The basic principle is simple-- 
the airflow through a gas turbine can be increased by the use of a super- 
charger to raise pressure at compressor inlet. The Lake Nasworthy combined 
cycle of West Texas Utilities was the first installation of a supercharged 
gas turbine. It consists of a Westinghouse W-301 gas turbine rated at 
25,000 KW and supercharged at 53 in. water pressure (1.9 psig) by using а 
large motor driven fan. It used a Slough-Deflon evaporative intercooler 
and the resultant power out was 31,500 KW, a 26% increase in power. (21) 
The largest supercharged plants now in existence are part of a Dow Chemical 
Power Plant in Freeport, Texas. One of the three supercharged plants uses 
a Westinghouse W-501 gas turbine rated at 37,000 KW and the supercharged 
output is 43,000 KW, an increase of 16%. The supercharging fan for this 
plant also operates at 53 in. of water. (See Figure 2.5)(22,23.) 

The thermodynamics of supercharging are developed from the basic anal- 


ysis of one of the key gas turbine parameters, the flow function: 


nYTo 


Koc e OE 


БУ 52658 


If the values of K,, A, and YTo are held constant and the inlet pressure is, 
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say doubled, the mass flow will double. Thus, if the inlet temperature 
stays the same the mass flow going through the machine doubles. The work 
of the turbine will not double, however,and the turbine exhaust tempera- 
ture has now fallen. Noteworthy in the analysis is that the inlet tempera- 
ture to the gas turbine must not change, and thus the intercooler is used 
to remove the heat of compression. In short, the gas turbine sees inlet 
air that remains at ambient temperature (ideally), but which is at a higher 
pressure. While there will be power required to drive the fan, the in- 
crease in power from the gas turbine will be two to three times that re- 
quired for the supercharging compressor. (21) 

One method of approach in calculating the effect of supercharging 1s 
given in reference (21). There the power output is first calculated by 
assuming the hypothetical case when the inlet pressure is the same as the 
exhaust pressure. The power determined from this hypothetical case is 
then adjusted for supercharging using a relationship between power in- 
crease and supercharge as shown in figure 2.6 (21). A linear relationship 
between percent increase in power resulting from supercharge will hold and 
can be expressed as follows: 


percent power increase = K x percent supercharge 


where K - 14 (£—2R x ЛЕ х g) 
3.62 х 108 НР 
e = supercharger compressor efficiency, percent 
g = generator x gear efficiency, percent 


°R = exhaust temperature 
lb/hr = air flow at NEMA standard conditions 


HP = power output 
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т = INLET PRESSURE - EXHAUST PRESSURE , 100 


AE ASE РЕВ СЕР MESOLUTE EXHAUST PRESSURE 


Figure 2.6 Gas Turbine Power In 


Supercharging Pressure Ratio (21) 





Zo 
With the decision made to examine the feasibility of a supercharged 

combined cycle, the question which had to be answered was what would be a 
desirable pressure ratio for the supercharger? In order to analyze a pro- 
pulsion system that could actually be used with "off the shelf" components 
(with little or no research and development costs) the pressure ratio was 
dependent on three parameters: 

1. The shaft output of the AOE-1 Class, 2 x 50,000 HP; 

2. The power ranges of available industrial gas turbines; 

3. The power requirements for the steam plant and specif- 

ically the power required to drive the super- 
charger, either electrically or with steam. 

With the shaft output fixed at 50,000 shaft horsepower (one shaft), a re- 
view of available heavy duty gas turbines indicated that the General 
Electric Company of Schenectady, New York, provided a possible turbine. Ad- 
ditionally, the company was involved in developing a STAG cycle for ship 
propulsion and some machines had "salt air" experience. While a gas tur- 
bine could have been chosen that had the supercharger directly coupled to 
the main compressor shaft, and an intercooler added, this would have re- 
quired development of a specific gas turbine and would have somewhat re- 
duced the flexibility of the power ranges. Thus the decision was made to 
go with a steam driven supercharger (to keep electric plant of the ship in 
the same configuration) external to the gas turbine, a tube and shell, 
platefin, or finned tube intercooler heat exchanger using seawater as a 
cooling medium and an industrial gas turbine which would fit the power 
ranges. Two gas turbine of the Model Series 5000 were chosen, both two 


shaft machines, with one shaft coupled directly to the compressor and a 





-32- 


second or load shaft coupled directly to a controllable pitch propeller 


via variable angle inlet nozzles. The brief characteristics of the two 


turbines are: 


THERMAL PRESS. EXHAUST 

Fuel BHP EFF, LHV RATIO AIR FLOW TEMP. 

ШЕ 62 (ВЖЖ: Dist. oil 21,910 DIS 8.2 240.1 lb/sec 793°F. 
M5322 (B) Dist: oil 917000 ZERO 8.2 256.3 lb/sec 932°F. 


*The Model Series 5000 notation uses the middle two digits as the basic 


horsepower rating, while the last digit indicates the number of shafts. 


There are both A and B machines, they differ from the 'straight' MS 


5000 primarily insofar as the pressure ratio is concerned. The base 


machine has a pressure ratio of 7.6, while the A machine is lower at 


6.9. The B machine has more compressor stages and the turbine noz- 


zles and blades are at a slightly different angle from design A. 


The analysis is shown in Table 2.1 and 2.2. To make a first cut for a 


feasible cycle, the following assumptions were made in these following 


calculations: 


H. 


S 


Supercharger polytropic efficiency, 0.86 

Pressure loss in intercooler, 0.6 psia 

Initially assumed that an additional stage would be 
added to the load turbine; polytropic efficiency, 
0.86 

Exhaust temperature set at 3509 F. 


Lower heating value of No. 2 distillate, 18,400 


The results of these tables are plotted graphically in figures 2.7 and 


2.8. Of prime importance now became the steam pressure and flow rate of 





as 


TABLE 2.1 Supercharging Pressure Level Feasibility G.E. MS 5222 (B) 


Basic HP = 21,910, m = 240.1 lb/sec, exhaust 7939 Е. 


SUPERCHARGER PRESSURE RATIO 


192 ЛН 1.6 Ше 
Supercharger Compress Y = 1.4 
_ _ Y-1 . 
ИВ по а а =.——————-._ „3322 
(et "poly i Пр’ .86 x 1.4 
АТ _ D „3322 
(1) m 1-(PR)n= 1-(PR) .0624 „1183 . 1689 .2156 
EXEAT = 5309 Rx (1) 33.072 62.699 89.517 114.268 
(3) Pressure into G.T. = PR -.041 
(AP in intercooler & piping) 1.159 1.359 1.559 1.759 
ШИ О сета. * (3) 25,393 29,776 34,158 38,539 
КОШ ma. x (3) 278.28 326.30 374.32 422.34 
Additional Stage 
_ š _ 2 Гус 80035) 2 
Y = 1.36, C, 7 0.26, прој = 0.80, n = пр (9) cc E 
T 
(6) == (РЕЈП = (PR):2118 1.0317 1.0671 1.0986 1.1270 
2 
(7) Ту = 793 + 460 = 1253 
ІБІ 1, - Т1/(679 к 1214.5 FAA OA 1111.8 
(9) T5, 9 F (exhaust temperature) 754.5 4 2 680.5 651. 8 
oy АТ ЮЗ = тоғ 38.5 78.8 112.5 га? 
(11) Addt'1. HP, пс АТ - .3678mAT 3,940 9,457 15,488 21,934 
(12) Total HP to shaft 29,333 39,233 49,656 60,473 





Basic HP = 31,700, m = 256.3 lb/sec, exhaust 


(1) 


(2) 
(3) 
(4) 
(5) 


у = 1.4 

пр = 0.86, n = .3322 

АТ n 3322 
SL = (РЕ) = 1 - (РЕ): 

Ті 


Й ШЕ 5809 R x (1) 
Pressure into G.T. = PR -.041 
ОНИ зо х (3) 


x (3) 


“лем Е Mase 


Additional Stage 


(6) 
(7) 
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(9) 
(10) 
(11) 


(12) 





у = 1.36, Co = 0.26, "р 7 0.80 
T 
T= (pry? = (pg): 2118 
Г? 
T, = 932 + 460 = 1390° R 
Ty 
Пор а. ° R 
27 (6) 


Tj? F (exhaust temperature) 
AT, 932 - T9 F 


Addt'l. HP, me AT 


Total He to shaft 


EH 


= 932° F. 


TABLE 2.2 Supercharging Pressure Level Feasibility G.E, MS 5322 (B) 


SUPERCHARGER PRESSURE RATIO: 
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Shaft Horsepower to One Shaft 
Figure 2.7 Shaft Horsepower--Effect of Supercharging MS 5222 (B) and 5322 (B) 
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Steam Plant Power Available, HP x го" З 
Figure 2.8 Steam Cycle Power Output 










Sage 
steam necessary to at least drive the supercharger and to maintain the 
electrical load, while having a pressure ratio that would give the re- 
quired shaft horsepower. As may be seen from Figure 2.7 the 5222B machine 
indicated a pressure level of 1.6 for the supercharger to be the most de- 
sirable one, while the pressure ratio for the 5322 machine produced the 
required horsepower at just over a pressure ratio of 1.3. Looking at 
Figure 2.8, one notes the basic supercharger operating line, this is the 
power required to drive the supercharger at the various pressure ratios. 
Additionally, however, there is a requirement to drive 4-1500KW turbo- 
generators as well and this line is plotted. The available steam flow 
for the heat recovery steam generator for each gas turbine with a stack 
temperature of 350° F. is then plotted in order to see where the desirable 
pressure ratio lies. At first glance, it appears that the 5222 machine 
operating with a supercharged pressure ratio of 1.2 is the most desirable, 
but referring to Figure 2.7, it can be seen that the power levels at this 
pressure ratio produce only 30,000 SHP. The other machine intersected at 
over a pressure ratio of 1.5--this gave much more power than was needed. 
Therefore, the decision was made to use a pressure ratio of 1.4 and the 
5322 gas turbine--this gave sufficient power to drive the supercharger and 
turbo-generator sets and provided sufficient power out to the shaft to 
drive the ship at maximum speed. Admittedly, there is more power than 
needed, but for a 'first cut' feasibility and without consideration of 
gear efficiency and other losses, this decision appears to have been satis- 


factory. 
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3. THE SUPERCHARGED GAS TURBINE AND STEAM CYCLE 


3.1 General Description 

The basic plant setup at full power for this cycle is shown іп 
Figure 3.1. Table 3.1 shows the critical parameters in the cycle at full 
power, l7-knot endurance and 12-know replenishment powers. The off- 
design points will be addressed in more detail in section 3.4, and there- 
fore this section describes the plant in the full power condition, unless 
otherwise noted. 

Looking at Figure 3.1, air is taken at ambient conditions at 70° E 
and 14.7 psia into the supercharger compressor. The inlet section contains 
а standard inlet and filter house, de-mister, and de-icer--all primarily 
to keep foreign particles and sea salts out of the system. The air is 
pressurized to 20.6 psia, then passed through an extended finned tube 
intercooler, with sea water design inlet temperature at 6T F. and the 
sea water running through the tubes, with the gases passing around them in 
a conventional crossflow unmixed heat exchanger design. The purpose of 
the intercooler is to reduce the heat of supercharging by use of the ocean, 
a Е heat sink readily available. From here the air passes to the in- 
let of the heavy-duty gas turbine at a temperature of то“ F. and a pres- 
sure of 20.0 psia. The pressure loss suffered at inlet to the main com- 
pressor is due to the intercooler (.349 psia) and the ducting, Separator, 
and compressor inlet section (.251 psia). 

The General Electric MS 5322 gas turbine consists basically of a 
compressor section, a combustion section and a two-stage expansion section. 


(24) In the supercharged cycle, the temperature from the compressor is 





Eg 
TABLE 3.1 SUPERCHARGED CYCLE CHARACTERISTICS 


FULL 17-KNOT 12-KNOT 
POWER ENDURANCE REPLENISHMENT 
U A r nlet Temp., ° F. 20.0 70.0 70.0 
2. Air Inlet Pressure, psia 14.7 14.7 14.7 
3. Supercharger Pressure Ratio 1.4 E17 1013 
4. Supercharger Discharge Temp., ОЕ. 131.0 10020 8520 
5. Supercharger Discharge 
Pressure, psia 20.6 12,02 16.6 
6. Sea Water Inlet Temperature, 
Intercooler, ° F. 67.0 67.0 67 
7. Sea Water Outlet Temperature, 
Intercooler, * Р. 85.0 83.0 7330 
8. Gas Turbine Inlet Temp., ° F. 70.0 70.0 70.0 
9. Gas Turbine Inlet Pressume, psia 20.0 16.6 1670 
Mo: Compressor Dishg. Temp., °F. 567.0 430.0 430.0 
11. G.T. Compressor Dishg. Pres- 
sure, psia 164.0 84.5 81.3 
12. Combustor Heat Rate, Btu/hr 405x106 109x10® 70х106 
13. G.T. Firing Temperature, °F. 1700.0 123070 1110 0 
14. G.T. Turbine Inlet Pressure, psia 159.0 82.0 7857 
15. G.T. High Pressure Speed, RPM 5100 4060 4060 
16. G.T. Low Pressure.Speed, RPM 4670 2800 2000 
17. Shaft Horsepower, Ship 50,200 115100 6, 158 
18. Shaft Speed, RPM 140 8ц 60 
19. Propeller Pitch, Percent 100 100 100 
20. Second-Stage Variable Angle 
Nozzles, Degrees 0 E? +4 
21. G.T. Exhaust Temperature, ° F. 853.0 geb 625.5 
22. G.T. Exhaust Flow, lb/hr 1,2527253 856 ,000 826 ,000 
23. HRSG Stack Temperature, ° F. 3590 375,09 400.0 
24. HRSG Recirculation Rate, lb/hr 96,000 43,000 27,000 
25. HRSG Back Pressure, "H50 9 4,4 4.1 
26. Superheated Steam Flow, lb/hr 102,000 39,650 24,930 
27. Saturated Steam Flow, lb/hr 15,000 152000 10,500 
28. Superheater Steam Temp., °F. 750.0 680.0 620.0 
29. Superheated Steam Pressure, psi 450.0 450.0 450.0 
30. HRSG Steam Drum Pressure, psi 475.0 475.0 475.0 
31. Gas Temp. Leaving Superheater, 
ЭЕТ 800.0 680.0 615.0 
32. Gas Temp., Leaving Evaporator 510 480 475 
33. Turbogenerator Load, KW 2000 570 1125 
34.  Turbogenerator Steam Flow lb/hr 22,500 73550 139750 
35. Diesel Generator Load, KW 0 0 1000 
36. Supercharger Steam Flow, 1b/hr 53: 223 16.257 9,804 
37. Steam Dumped, 1b/hr 23,617 14,984 796 
38. Feed Pump Steam Flow, lb/hr 1,660 859 580 
39. Feed Pump Dischg. Pressure, psig 700 700 700 
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567° F. at a pressure of 164 psia enroute to the combustor, which burns 
Navy Distillate fuel. There is a 3% pressure loss in the combustion 
cans which deliver the gases to the high pressure turbine at a firing 
temperature of 17007 F. Polytropic (stage) efficiency of the HP turbine 
is 0.87. The gases then pass to the second stage or low pressure tur- 
bine (load turbine) via variable angle nozzles, which control residual 
power basically by changing the velocity triangle of the load turbine. 
The expansion in the LP turbine is accomplished in one stage (np = .84) 
instead of an added stage as assumed in feasibility study in Chapter 
Two. Leaving losses remain at an acceptable level. The load turbine is 
coupled directly to the main reduction gear and viaa 334:1 reduction, to 
the controllable and reversible propeller. 

The exhaust gas temperature is 8509 F. and the gas flow is 341.5 
pounds per second. These gases are ducted directly to an unfired 
heat recovery steam generator which contains economizer, evaporator, and 
superheater sections. The economizer is fitted with a recirculation pump 
to bring the feedwater temperature up to 20” F., and the heat recovery 
steam generator is also fitted with a by-pass to the uptakes (stack) if 
the steam cycle is not in use due to required maintenance underway. The 
steam generator operates at a steam drum pressure of 475 psig and line 


pressures and temperatures to operate machinery as shown in Figure 3.1 : 
are 450 psig, or F. Some of the steam generated is taken directly from 
the steam drum (15,000 1lbs/hr) and passed through reducers for use in the 
evaporators, for heating and galley steam, and for crew living. The su- 
perheated steam is used to drive the steam driven supercharging compres- 


sor, two 1500 KW turbogenerators, and the main feed pump. The 
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turbogenerators and feed pump operate at a constant inlet pressure of 
450 psig--line pressure is controlled by a pressure control valve located 
at the inlet to the supercharging steam turbine. This pressure control 
valve dumps any excess steam to the main condenser and admits steam to 
the supercharger turbine as the demand changes, as explained in section 
3.4.1. А11 three major components exhaust to one large main deaerating 
condenser operating at 1.0 psia (2" Hg) and saturated steam temperature 
of 101° FPF. The condenser has the function of removing oxygen and dis- 
solved gases from the feedwater, thus it is very similar to condensers 
used on submarines, which have no deaerating feed tank. Additionally, 
the condenser must be able to admit large quantities of "dumped" steam 
vi& breakdown orifices and nozzles. 

Positive suction is taken from the hotwell of the main condenser by 
a condensate pump which discharges at approximately 60 psig to the suc- 
tion side of the steam driven main feed pump. The feed pump discharges 
feedwater to the steam drum of the heat recovery steam generator at a 
pressure of 700 psig and temperature of 105” Е. This low feed tempera- 
ture coming from the feed pump is heated to 20” F. by an economizer re- 
circulating pump in order to reduce corrosion in the economizer.  Hydra- 
zine or sodium sulfite will be added to the feedwater as oxygen scavengers 
before the feedwater enters the steam generator. It is envisioned that a 
continuous monitor for oxygen and chlorides would be installed on the dis- 
charge side of the feed or condensate pump. 
3.2 Gas Turbine Propulsion System 

3.2.1 General Description of the Gas Turbine (24) 


A schematic diagram of the MS 5322 General Electric gas turbine is 
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shown in Figure 3.2. (24) The compressor section is a 16-stage compres- 


sor with a pressure ratio of 8.2:1. The compressor casing and blading 
(bending stresses) at supercharged power levels require no modification 
to present design. The gases flow to a combustion system composed of 
twelve 10-inch diameter chambers located around the outside of the com- 
pressor casing and enclosed in a combustion wrapper or shell. Here 
Navy distillate is burned at the rate of 405 million Btu/hr at full 
power at a firing temperature of 1700” F. and these hot gases pass di- 
rectly to the high pressure turbine. The high pressure, or compressor 
turbine, rotates at 5100 RPM at full load. The first-stage nozzle has 
twelve segments with three vanes which enable trailing edge cooling by 
using compressor air. The gases then pass to the low pressure (load) 
turbine through 32 precision cast nozzle vanes mounted on shafts that ex- 
tend radially through the turbine casing. Each shaft carries a lever arm 
that connects to the control ring which rotates around the casing to vary 
the nozzle throat area. The nozzle control ring is actuated by a hydraulic 
cylinder operated by the control system, which changes the angle setting 
depending on the load. 

A detailed description of the gas turbine with photographs of the 


above components is contained in Appendix C. 


3.2.2 Supercharger Compressor 
As discussed in Chapter 2, the decision was made to operate the 
Supercharger at a pressure ratio of 1.4 to get the desired output. This 
pressure ratio presented a problem in the design of the propulsion plant. 
This pressure ratio might be said to be located in the twilight zone of 


generally available characteristics, i.e., too high for a large fan 
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Figure 3.2 Schematic Diagram of the Two-Shaft Heavy Duty 


Marine Gas Turbine (24) 
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(50-60 in. of water) and yet too low for most of the many aircraft engine 
compressors which do not go below pressure ratios of 2.0:1. Finding com- 
pressor characteristics which would operate throughout the range of the 
cycle was necessary to insure a feasible design and prevent surge or 
choke at off-design points. 

The compressor characteristics for the supercharger are shown in 
Figure 3.3. They were developed by taking M.I.T. Gas Turbine Laboratory 
curves (Figures 3.4 and 3.5) (25)(26) for a single-stage axial flow com- 
pressor and combining them into a two-stage axial compressor to obtain 
the desired characteristics. The calculation procedure for obtaining the 
characteristics, as well as sizing and speed determination may be found 
in Appendix A, Thermodynamic Considerations of the Cycle. Basic design 


features of the compressor may be found in Table 3.2. 


TABLE 3.2 SUPERCHARGER COMPRESSOR CHARACTERISTICS 


Type: Two-stage axial flow compressor 
Prime Mover: 12-stage steam turbine, direct coupling 
Pressure Ratio: 1.4:1 

Stage Efficiency: 0.901 

Speed: 4950 RPM at full rating 
Diameter: 3.89 feet 

Length: 3.00 feet (estimated) 

Blade Speed (max): 1000 ft/sec 

Blade Length: 1.93 feet 

Blade Hub/Tip Ratio: 0.55 

Flow Rate (max): 348.5 lbs/sec 

Flow Area: 8.13 ft? 


3.23 Intercooler 
The intercooler is of the extended surface circular finned tube type 
end has basic dimensions of 5 ft. by 5 ft. by 20 ft. The design for fea- 


sibility used procedures in reference (27) and the results are shown in 


Table 3.3. The decision to use circular-finned tubes instead of plate-fin 
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Figure 3.3 Supercharger Compressor Characteristics 
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Zuge 


TABLE 3.3 INTERCOOLER CHARACTERISTICS (FULL POWER) 


(See Appendix B.) 


Type: Continuous finned circular tube (Jameson Data) 
No. CF - 3/4 J-E (27) (See Fig. B.1) (68) 


Air Flow Rate: 
Air Temperature, Entering: 
Air Pressure, Entering: 
Air Temperature, Leaving: 
Air Pressure, Leaving: 
Salt Water Flow Rate: 
Salt Water Temperature, Entering: 
Salt Water Temperature, Leaving: 
Fin Material and Conductivity: 
Fin Length: 
Fin Thickness: 
No. of Tubes: 
Tube Diameter (I.D.): 
Overall Heat Transfer Coefficient: 


Number of Heat Transfer Units (NTU): 


Спіп/Спах! 

Overall Surface Efficiency: 
Intercooler Effectiveness, t: 
Gas Pressure Drop: 
Intercooler Length: 
Intercooler Width: 
Intercooler Height: 


1,277,000 1b/hr 
Е. 

20.6 psia 

Ре 291. 

20.251 psia 
3,000,000 lb/hr 
679 P. 

859 Е. 
Aluminum, K = 100 Btu/hr-ft ° F. 
0.2596, ın. 
02012 an, 

1327 

0.774 in. 

21.0 Btu/hr-ft2 ° F. 
SD 

Ou 

0.90 

0.95 

0.349 psia 

20 feet 

5 feet 

5 feet 





E 
or other design was predicated on the fact that salt water flowing in 
the tubes was used as a cooling medium. A plate-fin intercooler might 
allow undesirable salts into the air passages in the event of leakage, 
and this could cause complete failure of the hot gas section of the gas 
turbine. 

Intercooling was used to enable the gas turbine to use the same 
inlet temperature as ambient but at a higher pressure level, thereby in- 
creasing power. While intercooling is generally more widely used at 
higher temperatures, its presence in the cycle does:increase the overall 
thermal efficiency and uses the ocean to reject heat. Most gas turbine 
designs for marine propulsion do not use intercoolers, most probably due 
to size and weight constraints. However, in a large ship with relatively 
spacious engine rooms, an intercooler may be added quite readily. The 
intercooler was placed into the cycle as a separate component (versus 
integral with gas turbine compressor) to allow an existing gas turbine. 
Sea Water will be taken from the main scoop injection section of the main 
condenser, with a salt water circulating pump (motor driven) to provide 
flow through the intercooler at low speeds. 

One advantage of using an intercooler in a gas turbine cycle is the 
tendency for the intercooler to remove sea salts which pass through the 
inlet house and demister which are located upstream of the supercharger 
compressor. As may be seen from Figure 3.1, a separator has been added 
immediately after the intercooler. This is of the louvered inertial type, 
similar to the Dyna-Vane air cleaner cell. (See Figure 3.6)(28.) The 
cooling of the air in the intercooler at the higher pressures would tend 


to condense and settle out entrained water and sea salts. While an 
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Figure 3.6 Louvered Inertial Separator (28) 
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additional separator adds to the cost of the plant and may be somewhat 
conservative, the results of compressor fouling can reduce the efficiency 
and power owut from the gas TTO (29) Additionally, as stated be- 
fore, sodium in large quantities on hot gas parts can result in cata- 
strophic turbine failures. Average sea-salt aerosol concentrations are 
shown in Figure 3.7 (30) 

A detailed analysis of the intercooler design may be found in 


Appendix B. 


3.2.4 Transmission System 

3.2.4-a. Reduction Gear 

The decision to use a standard reduction gear was predicated on the 
fact that the plant uses a controllable and reversible pitch propeller. 
Gear technology is such that this component is perhaps the most reliable 
element in the transmission system. The reduction gear chosen is a single- 
input, single-output, double helical dual torque path type with a separate 
segmented main thrust bearing as shown in Figure 3.8 (31). Figures 3.9 
and 3.10 (32) show that this thrust bearing is made integral with the 
reduction gear casing. The main thrust bearing is usually aft of the 
gear coupling to the main shaft, but engine room size constraints dictated 
an integral design. 

Of primary concern in the design of this gear is that 50,000 shaft 
horsepower from a single-input, single-output reduction gear is near 
state-of-the-art design. Admittedly, the gear tooth loadings are high 
as shown in Table 3.4, but the design remains feasible as indicated by 


the General Electric Company. 
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Figure 3.8 Main Reduction Gear (31) 
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Figure 3.10 Main Reduction Gear--Cross Section (32) 
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TABLE 3.4 REDUCTION GEAR DESIGN (32) 


Design Shaft Horsepower: 507900 
Gear Efficiency: .985 
Reduction Ratio:33.4:1 (4670/140 at full power) 
Lube Oil Requirement: 320 СРМ 
Loading per inch of gear face 
per inch of pitch diameter: High speed rotors 1785 


Low speed rotors 27/70 
Tooth Root Stress (Dolan- 


Broghamer ) High speed rotors 20 ,900 psi 
Low speed rotors 22,800 psi 
K Factors: High speed rotors 150 


Low speed rotors 125 


3.2.4-b. Controllable and Reversible Pitch Propeller 

A controllable and reversible pitch propeller was chosen to propel 
the ship as it appeared to be the least complex and most reliable. Choice of 
other possibilities included reversing sears and/or clutches, a hydraulic 
transmission system, electric drive or even a reversing gas turbine. 
Marine controllable pitch propellers, first developed in the mid 1930s 
have been available for some 35 years. Only recently, however, has there 
begun to be widespread use of them--both in the numbers in use and the 
horsepower ratings. 

Again, the primary question which must be answered for proof of 
feasibility is the very large power level at which the propeller will be 
operating. Largest А to date are near 30,000 shaft Цогве- 
power, and while the U. S. Navy is about to test a 40,000 SHP propeller 
for the DD-963 class of destroyers, 50,000 SHP does represent a large 
jump in required power levels. (33) Correspondence with LIPS N.V. 
(Propellers, Inc.), Sulzer Brothers and Bird-Johnson (KaMeWa) indicate 


that a controllable pitch propeller at these power levels could be 
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manufactured and operate successfully. A picture of the KaMeWa design is 
shown in Figure 3.11 (34). Bird-Johnson Company provided two possible 
designs at this horsepower range, a four-bladed design and a five-bladed 
design. (35) The four-bladed design was chosen as it had the smaller 
diameter--this constraint is dictated by the draft of the ship when 
lightly loaded. The results of the feasible propeller characteristics 
appear іп Tablesı 52a). 

Due to engine room length constraints, the hyd:raulic assembly and 
oil distribution box assembly are located along the shaft instead of 
directly after the main thrust bearing, which would be most desirable 


from a maintenance standpoint. 


3.3 Steam Generator and Steam System 

3.3.1 Waste Heat Recovery Steam Generator 

A schematic of the waste heat recovery steam generator (HRSG) or 

boiler is shown in Figure 3.12 (36). А brief description of this com- 
ponent and its location in the cycle was shown in Section 3.1. Steam 
generating capability is a function of the exhaust gas flow, the average 
temperature entering the unit, the steam conditions desired and the 
thermal effectiveness. See Figure 3.13 (37). The thermal effectiveness 
is defined as the ratio of total energy recovered to total energy avail- 


able for steam generation, that is: 


Where: 
: I, - Ta 
Effectiveness = m m (38) Ту = Exhaust gas temperature 
Ш 3 entering the HRSG 


To = Exhaust gas temperature 
leaving the evaporator 

Тз = Saturation temperature 
at steam drum pressure 








Figure 3.11 KaMeWa Controllable and Reversible Pitch Propeller (34) 





TABLE 3.5 (35) 


zog 


50,000 SHP KaMpWa FOUR-BLADED CONTROLLABLE 


AND REVERSIBLE PITCH PROPELLER 


Number of Blades 
SHE 

DHP 

RPM 

Knots 

Wake” 

Prop Diameter (ft) 
Hub 

DH/D (%) 

EAR 

P/D, Design 

P/D, Max Forward 
P/D, Max Aft 


Class 
Ice Class 
Ultimate Strength (psi) 


Blade Thickness Fraction 
T - Tip (inches) 

T - Hub (inches) 
Reduction 0.7R 


Wt - Blade and Flange 
Wt - Propeller 


WR2 - Blade (lb-ft?) 
WR2 - Propeller (1Ь-#+2) 


P/D 

ETA Prop 

Thrust (lbs) 
Cavitation Margin 


ВР 

Delta 

KQ 

J 

Sigma 0.85 
Sigma' 0.85 
ТУК 


y 
50000. 
48500. 

140. 
26.00 
0.100 

22.3 

211. 5/4 
© эк 
"ФЕ 752 
10:31 
1.134 
120831 


DNV 
None 
85000. 


0.0687 
0.960 
322597 

0. 


19300. 
136700. 


2720000. 
12710000. 


ЈЕ. 081 
0.624 
415000. 
0.174 


11.4 
156 
0.0300 
02,759 
1-92 
ШЕЛІ 
1216482. 
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For boiler conditions st full power shown in the supercharged cycle, the 
effectiveness is 0.875. 

The basic thermodynamic principle is best shown in Figure 3.14 (39). 
Gas turbine exhaust temperature and stack temperatures are plotted as a 
straight line above the steam generation line, which is broken into three 
segments--economizer, or preheating, evaporator and superheater. This 
curve represents the normal ‘heat added! portion of the Rankine cycle. 
Temperature and pressure are raised in the economizer section until the 
saturation temperature is reached, heat continues to be added (horizontal 
line) as the saturated liquid becomes saturated vapor, and finally the 
temperature and pressure rise rapidly into the superheated region. Note- 
worthy in the diagram is the approach temperature at the beginning of the 
evaporator section--the so-called "pinch point" which, in this cycle, was 
BO F. Initial feasibility designs for this cycle selected a steam pres- 
sure level of 600 psig; this was reduced to a drum operating pressure of 
475 psig (450 psig line pressure) in order to reduce maintenance costs and 
lower stack temperature to make a more efficient cycle. The design of a 
heat recovery steam generator becomes an iterative one in order to optimize 
the cycle, and the General Electric Company provided output data as shown 
in Table 3.6 | using their Performance Program for Heat Recovery Steam 
Generators. (40) The desire to lower stack temperature was not realized 
as the output data shows--a lower steam pressure probably would have 
brought the stack temperature down and made for a more efficient cycle. 
The importance of stack temperature in waste heat boilers cannot be over- 
emphasized, as "cold end corrosion" in the cconomizer section can cause 


complete boiler failure. This is caused when the sulfur in the fuel 
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Figure 3.14 Temperature Relationships in Heat Recovery Steam Generator (39) 
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TABLE 3.6 (40) HEAT RECOVERY STEAM GENERATOR PERFORMANCE 


Boiler Pressure (HRSG) 475 psig, 450 psig at throttle 


FULL POWER 17 KNOTS 


*(1) Gas Temperature (exhaust) ? F. 853 70975 
*(2) Gas Flow (exhaust) lb/hr 
(3% leakage loss in bypass) о З 856,000 
(3) Superheater Steam Flow, lb/hr 102000 39,650 
(4) Steam Temperature--Supht ° F. 750 680 
(5) HRSG Back Pressure, "Н.О 9" ц.ц" 
(6) Stack Temperature, ° F. 355 375 
(7) Recirculation Flow, lb/hr 
(through economizer) 96,000 43,000 
(8) Gas Temp., Leaving Superheater,°F. 800 680 
(9) Gas Temp. Leaving Evaporator, ° F. 510 480 
(10) Saturated Steam Flow, lb/hr 155000 50000 


“бі уеп inputs 


12 KNOTS 
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8265000 
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condenses with water at the dewpoint temperature and forms sulphuric 
acid, which attacks the tubes. A diagram of this relationship is shown 
in Figure 3.15 (41). Since Navy distillate has a maximum sulfur content 
of 1.3%, the stack temperature could have been reduced to 270° F. In 
any event, this was not done, and the stack temperature at full power re- 
mains a conservative 355^ Е. 

A formal description of the waste heat boiler would call it a verti- 
cal gas flow forced circulation unit with three separate heat transfer 
sections. (36) Heat is transferred by forced convection with the various 
sections arranged in counterflow. The evaporator and economizer sections 
are fitted with circulation pumps. Forced circulation in the evaporator 
section (Figure 3.12) allows the vertical gas installation and makes а 
more compact steam generator. It also maintains constant flow to the 
evaporator over the full range of steam output, eliminating the possibility 
of stagnation in the evaporator section. The economizer is fitted with a 
recirculation pump to raise the feed temperature and inlet from los” ци СО 
2400 F. This is done to prevent corrosion in the economizer and ensure 
longer life. 

The heat transfer surface is mounted inside a frame made of 3/4 inch 
plate. All tube return bends and the various headers associated with each 
heat transfer section are located in casing boxes outside the gas flow 
container. The casing boxes are welded to the unit frame resulting in a 
gas-tight container. The economizer and evaporator use extended finned 
tubes. The fins are continuously wound and welded on the tube in a single 
operation. Evaporator and economizer tubes are made of carbon steel, one 


inch in diameter, wall thickness of .095 in. and a fin outside diameter of 
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240 inches. 

The steam drum is of conventional design. Internal distributions 
systems are provided for the feedwater, water sampling and chemical feed. 
Centrifugal separators are located in the drum to reduce the total solids. 

The size of the waste heat boiler for this cycle has external dimen- 
sens of ll ft. by 42 ft. by 1? ft. in height. The gas passage is 9 ft. 
Бэ ft., with duct sizes of 10 ft. by 12 ft. A by-pass duct to al- 
low for underway maintenance is 10 ft. by 10 ft. The heat recovery steam 
generator weighs 170,000 pounds dry and 210,000 pounds when filled with 
water. (40) 

3.3.2 Steam Driven Supercharger, Turbogenerators and Feed Pumps 

The supercharger compressor is directly driven by a steam turbine 
with throttle pressure of 50 psig. The turbine is a twelve-stage, 
single-flow, impulse turbine with a higher reaction last stage. (42) The 
steam rate (lbs steam/BHP-hr) is 6.95 and the turbine expands directly 
into the main condenser at 2" Hg absolute pressure. The turbine will be 
able to operate at varying steam pressures as the steam cycle is a pressure 
controlled cycle, that is, line pressure is held constant at 450 psig for 
the turbogenerators and feed pumps. Steam supply and demand is controlled 
by a pressure regulating valve, which may admit steam to the supercharger 
turbine or dump it to the main condenser via breakdown orifices and nozzles. 

Each engine room will contain two ship's service turbogenerators rated 
at 1500 KW, 450 volt, 3-phase, A-C static excited, static voltage controlled 
Similar to those presently installed in the AOE-1. The multistage turbine 
will receive steam at full superheater outlet pressure and temperature and 


exhaust to the main condenser. The turbine is provided with sequential 
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valve gear and an integral speed governor. А single reduction gear 
couples the turbine to the generator. 

The main feed pumps (two) are horizontal two-stage centrifugal 
direct connected and driven by superheated steam at 450 psig. Each of 
the pumps is designed to handle all of the feed water requirements of 
the waste heat boiler at full power, delivering feed water to the econo- 
mizer at 700 psig. The steam turbine is a single-stage unit designed to 
supply steam for the maximum rating of the pump, and steam is exhausted 
directly into the main condenser. The main feed pumps are provided with 
a pneumatically operated constant pressure governor. An automatic re- 
circulating valve will close when the pump capacity exceeds approximately 


half the normal rating. 


3.3.3 Vital Auxiliaries 

3.3.3-a. Main Condenser and Condensate and Feed System 

The main condenser characteristics and size may be found in Table 
3.T. As summarized from Appendix A, the main condenser receives steam 
from the supercharger turbine, the turbogenerator sets, and the main feed 
pumps. It must also be capable of receiving 'dump' steam depending upon 
the supply and demand of the plant. Low pressure drains are admitted di- 
rectly to the hotwell, as shown in Figure 3.1. The condenser is single 
pass, designed for scoop circulation with water velocity in the tubes of 
9 ft. per second at normal power. Tube and tube sheet material is 90-10 
copper-nickel. The shell is of fabricated steel, and tube inlet ends are 
fitted with plastic inserts. The main condenser must be able to deaerate 
the water completely by using deaerating trays and baffles under the tube 


bundle, similar to the DeLaval design used aboard submarines. Additionally, 
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TABLE 3.7 CONDENSER CHARACTERISTICS (FULL POWER) 


(See Appendix A) 


Tube Size: 

Material: 

Number of Passes: 
Vacuum: 

Effective Tube Length: 
Steam Rate (max): 
Injection Temperature: 
Inlet Water Velocity: 
Circulating Water Rate: 
Condensing Surface Area: 


Heat Transfer Coefficient: 


Number of Tubes: 
Water Box Depth: 
Condenser Length: 
Condenser Width: 
Condenser Height: 
Hotwell Capacity: 


5/8" 18 Gauge 

90-10 Copper-nickel 
1 - Scoop injection 
2 Нр (1.02р5па) 

10 feet 3 inches 
117,000 1bshr 

67° Г. 

9 feet/second 
Тов. Р.М. 

4000 ft2 

615 Btu/hr-ft? ? F. 
2,370 

2 feet 7 inches 

15 feet 6 inches 

6 feet 5 lnches 

6 feet 5 inches 
31.5 ft?/min 
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the condenser must be capable of maintaining vacuum when large quantities 
of steam are dumped. This is accomplished via multiple breakdown orifices 
and nozzles within the shell. This practice is used widely in industry 
without adversely affecting the steam cycle. 

Vacuum is maintained with two mechanical and automatic vacuum pumps 
instead of the usual steam air ejector system. They are complete with 
motor, seal tank, air ejector and salt water-cooled heat exchanger. The 
cycle uses two motor driven main condensate pumps which are mounted on 
and supported by the main condenser. Each pump will have the capacity to 
pump all condensate at maximum power with the other pump as a standby. 
Discharge pressure to the suction side of the main feed pump is 60 psig. 

Details of the specifications for the above components and other 
auxiliaries associated with the feed and condensate system may be found 
in Appendix D., List of Equipment and Specifications. 

3.3.3-b. Auxiliary Boiler 

The auxiliary boiler for use when not running the main steam cycle 
is shown in Figure 3.16 (43). It is of the two-drum welded waterwall type 
with a furnace section, a welded screen tube bank, and a main bank. The 
boiler is rated at 135 psig and 30,000 lbs/hr. The boiler is a Combustion 


Engineering V2M design, with characteristics as listed in Table 3.8 (3); 


TABLE 3.8 (43) Auxiliary Boiler Characteristics 


Steam Drum Pressure: 135 psig 
Total Evaporation Rate 

(Saturated) 30,000 1bs/hr 
Total Steám Temperature: 3599 h, 
Efficiency: 802 
Oil Firing Rate: 2075 lbs/hr 
Air Flow and Temperature 7,790 CFM @ 100° F. 
Exhaust Gas Flow: 35 „300 Ibs/hr 
Total Draft Loss: T.T in. water 
Excess Air: 152 


Furnace Release Rate: 155,300 Btu/hr-ft? 
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Figure 3.16 Auxiliary Boiler Design (43) 
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3.4 Power Plant Control and General Plant Operation 
3.4.1 General Method of В at Full Power, No Load and Full 
Astern (44)(45) 

The operation of the supercharged cycle using a heavy-duty gas 
turbine may be looked at as the control of two separate but yet integrated 
systems--the gas turbine section and the steam cycle. Figure 3.17 (46) 
shows the schematic for control of the plant. The dotted line horizontal- 
ly dividing the schematic indicates the approach of looking at each section 
separately. The General Electric Company uses a Speedtronic control system 
to operate its gas turbines--the control approach that follows describes 
this method since their gas turbine was selected for the analysis. Con- 
trols have been modified on the steam cycle to operate the supercharger 
compressor, turbogenerators and main feed pumps. 

Looking at Figure 3.17, it may be seen that the gas turbine is con- 
trolled by manipulating two parameters: 1) fuel flow to the combustors, 
and 2) the angle of setting of the variable angle nozzles. Fuel flow out- 
put is proportional to the product of compressor speed and an electrical 
voltage, termed VCE. The VCE voltage is produced by four parallel elec- 
tronic control loops operating through a minimum gate valve. The first 
loop is the exhaust temperature control loop which is able to limit the 
VCE when the exhaust temperature reaches its maximum allowable value for 
the existing conditions. The second loop is the load or low pressure 
turbine speed loop which reacts similarly when the load turbine reaches 
rated speed setpoint, i.e., it becomes the controlling variable. The third 
loop is the start-up loop, which regulates the turbine during start up when 


the other input parameters (exhaust temperature and LP turbine speed) are 
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The fourth loop, compressor speed, is necessary because if the fuel 
flow to the two shaft gas turbines is constant, the output power of the 
low pressure turbine remains the same and independent of low pressure 
turbine speed. Fuel flow is proportional to the product of the VCE and 
compressor speed. In order to control power, then, the fourth loop is ad- 
ded which has the power command (which may include pitch) signal as a set- 
point and the product of compressor speed and VCE as feedback. See Figure 
3.18 (47). The action of this loop is the same as the others; if its out- 
put is lowest, it becomes the dominant parameter controlling VCE. The 
minimum power bias provides the VCE required to keep compressor speed at 
80% as a minimum. 

Looking again at the temperature control loop again at the top of 
the schematic, it is recalled that the variable angle nozzles are control- 
ling the compressor speed. Since exhaust temperature is sensitive to the 
mass rate of flow of air (related to compressor speed), it is possible to 
hold exhaust temperature at the desired level (just below the maximum) by 
controlling compressor speed. This enables the two-shaft machine to give 
good part-load fuel rates. Operating characteristics using this control 
system are shown in Figure 3.19 (48). From no load to 45% load, compressor 
speed is held at a minimum of 80% using the variable angle nozzles. At 
the same time, firing temperature and exhaust temperature are rising as 
fuel flow increases and the fuel/air ratio increases. Past the 45% load 
rating, the exhaust temperature exceeds the nozzle control setpoint, the 
nozzle loop increases the high pressure turbine energy and compressor speed 


and thus the exhaust temperature lowers back to the setpoint after this 
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Figure 3.19 Operating Characteristics of Two Shaft Gas Turbine (48) 
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transient has passed through the control loops. Up to full load, the 
steady state exhaust temperature remains constant and compressor speed 
increases with higher fuel flow. When the compressor reaches 100% speed, 
the control limit is reached and fuel flow tends to increase along with 
exhaust temperature. The increased exhaust temperature decreases the ex- 
haust temperature fuel control loop output voltage below the rest of the 
other loops--it therefore becomes the controlling variable. 

The lower half of the control schematic shows the steam cycle con- 
trols. Not shown are the normal standard control systems for the HRSG 
drum level and other auxiliaries. The basic component to be controlled is 
the supercharger speed since it is related to gas turbine power. The 
basic philosophy in the control of the steam cycle is pressure control, 
that is, line pressure is held at 450 psig to supply steam at 450 psig 
to the T-G sets and the main feed pumps. 

Figure 3.17 also shows an SCE gate, analagous to the gas turbine 
control system. It has three input loops and one output loop, which is 
the position command for the steam turbine control (steam throttle and 
condenser dump valves). The first input limit, called minimum pressure 
override, regulates steam flow from the waste heat boiler to ensure that 
450 psig line pressure is held. The second loop is supercharger speed 
control, which becomes the controlling variable if supercharger speed 
reaches 100%. The third loop is the minimum VCE from the gas turbine con- 
trol circuit which allows the gas turbine to overide^ steam flow in order 
to provide minimum input to the propeller by changing steam to the super- 
charger compressor and therefore airflow to the gas turbine. The coupling 


between the two control systems is the power/steam line pressure 
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connection. If steam line pressure is made an input to the gas turbine 
fuel flow signal at the power control loop, then total input power to the 
propeller is regulated. 

To look at the actual response of the gas turbine, we shall take the 
case of the ship underway at full power, then a speed reduction to 45%, 
or 21 knots, approximately 100 RPM. The power lever on the bridge is re- 
duced introducing a signal to the VCE gate. Note that propeller pitch 
remains fixed at a maximum until about 45% power, thus a change in power 
input does not necessarily mean a reduction in propeller pitch. Fuel flow 
is now cut back by the load turbine governing system, i.e., variable angle 
nozzles. The variable angle nozzles begin to close, slowing down the com- 
pressor speed, yet holding exhaust temperature constant. As compressor 
speed slows down, gas flow to the heat recovery steam generator goes down, 
and the boiler line pressure tends to fall. The steam line pressure bias 
tends to close the dump valve to the main condenser; however, the VCE in- 
put to the SCE gate tends to also close down the steam valve to the super- 
charger to reduce supercharger speed, pressure ratio, and air flow going 
to the main gas turbine. This signal, therefore, overides the dump valve 
control, which then readjusts to keep line pressure constant during this 
transient condition. Further reduction in power changes the propeller 
pitch, and compressor speed reaches its minimum value at 80% rated speed. 
The variable angle nozzles now begin to open, fuel flow is further reduced, 
lowering exhaust temperature. The steam pressure falls off with reduced 
exhaust temperature, the supercharger control valve closes to reduce super- 
charger speed, and the dump valve settles out at an equilibrium setting to 


maintain line pressure. At very low power levels, the supercharger control 
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valve would be closed off completely (except for cooling steam to the 
turbine) and the dump valve would be nearly fully closed to keep line 
pressure constant. It is anticipated that both turbogenerators and feed 
pumps can function with steam pressumes as low as 300 psig, and while this 
is not desirable, the plant would still be able to perform. 

At the condition of full power astern, the system sees the same con- 
ditions as at full power ahead except for the fact that the propeller 
thrust is in the full astern position. Figures 3.20 and 3.21 (49)(50) 
show what the bridge control and engine room control panels might look 
like. While control would normally be on the bridge, the engine room 
would have a positive overide capability if emergency conditions warranted 
such an action. The typical sizes and weights of the control panels are 
shown in Figure 3.22 (24) and a typical annunciator/indicator section of 
the engine room control panel is shown in Figure 3.23 (24). 

3.4.2 17-Knot Endurance and 12-Knot Replenishment Plant Ratings 

Table 3.1 indicated the critical parameters in the supercharged cycle 
for all conditions investigated, i.e., full power, 17-knot endurance speed 
and 12-knot replenishment speed. Figures 3.24 and 3.25 show these off- 
design power plant ratings. The method of analysis for these conditions 
may be found in Appendix A., Thermodynamic Considerations of the Cycle. 

Figures 3.26 and 3.27 (51) show AOE-1 class shaft horsepower, ship 


speed and shaft RPM relationships. 
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ENGINE ROOM CONSOLE 
EST. WEIGHT 8400 LB 






BRIDGE CONSOLE 


k ZMKS VUNIULE 
ча” EST. WEIGHT 500LB. 


Figure 3.22 Bridge and Engine Room Consoles, Sizes and Weights 
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4, RELIABILITY, AVAILABILITY AND MAINTENANCE ANALYSIS 


Reliability 

The ability of any plant to function when required often separates 
the good plant on paper from the truly outstanding means of propulsion. 
While there is much disagreement among experts within the power indus- 
tries concerning the best method to define and approach the problem, 
there are some generally accepted concepts with which to work. 

Reliability has always been of paramount importance in ships, partic- 
ularly in a nation's warships, where the national interest makes reliable 
systems a must. Offsetting this demand for greater and greater reliability 
is the technological complexity which has found its way into marine pro- 
pulsion plants, just like other modern systems. Thus the marine designer 
must always be cautious not to compromise reliability. The supercharged 
gas turbine plant described in Chapter Three is an example of the integra- 
tion of components into a relatively complex propulsion system. How does 
it stand up in the area of reliability? 


Reliability is generally defined as the following ratio: 


r= Installed hours--(scheduled & unscheduled outage) 
Installed hours 


This reliability is called running reliability, or operating reliability, 
as opposed to starting reliability. Starting reliabilities are generally 
lower than running reliabilities, but for purposes of analysis, we shall 
consider operating reliabilities. Parenthetically, it is noted that the 
General Electric Model Series 5000 has had a starting reliability of 96.6% 


measured at random land-based machines during the last four years. (52) 
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The reliability formula used in this analysis is: (53) 


В = e”At where: e 2.71828, a constant 
À = Failures per hour of гип- 
ning time, also the reciprocal of 
Mean Time Between Failures, 1/MTBF 
t = Period of time for the voyage run 
at a constant level of power. 
Reliability of items combined in series is such that all components must 


work satisfactorily in order to obtain the required performance. The com- 


bined reliability for a series of three components is: 


аша Ха) 
With this method, the values of A are shown in Table 4.1 and added. 
A more detailed analysis would consider redundant systems (e.g., two pumps 
in parallel) but for gross calculations, all component failure rates are 


considered additive: 
A,Failure rate x 10% hours (53 )(54 ) 


Model Series 5000 Gas Turbine 69.4 
Heat Recovery Steam Generator 15.0 
Supercharger Steam Turbine £ Compressor ІШКІ 
Intercooler 3 
Reduction Gear 07 
Main Shaft and Bearings 055 
Controllable and Reversible Pitch Prop. 16.0 
Deaerating Main Condenser 4.0 
Ship's Service Electrical System 2125 
Main Feed Pump 80 
Main Condensate Pump Беа 
Main Condenser Vacuum Pumps рео 
Main Lube Oil Cooler 280 
Main Circulating Water Pump 4.0 

Tora i 


TABLE 4.1 Failure Rates of Major Components 





а 
For the purpose of this calculation, a ten-day voyage was chosen, 1.е., 


240 hours. Using this number, the reliability of the system is calculated: 
= 2 М 
Віт е (1671 х 10 6)(2.40 x 10¢) - ¿-.0402 = 0,0608 
For a twenty-day period, the reliability of the system is calculated: 


_ -6 2 
Rog e (167.1 x 10°°)(4.80 x 10%) _ „-.0804 _ 0.9937 


The failure rate for the gas turbine comes from land-based data, and a cor- 
rection is therefore made for the combined cycle in the marine environment 
by reducing the reliability figures by 1% in each case. The reliabilities 


thus become: (See Figure 4.1) 


10-day voyage: R 089512 


20-day voyage: R = 0.9145 


Availability 
Availability is essentially a measure of the total time a plant is out 
of operation, both for scheduled and unscheduled maintenance. It is there- 


fore defined as the following ratio: 


A = Installed hours--(scheduled & unscheduled maintenance) 
Installed hours 


The following figures represent approximate values for forced and 


scheduled outages for the Frame 5 gas turbine and steam. plant. 


Scheduled Unscheduled Maintenance 
Maintenance (52)(54) (Forced outage) (52)(54) 
GAS TURBINE SYSTEM 
(Major, minor and 
service inspections) 148 hours 157 hours 
БГЕАМ CYCLE 40 hours 20 hours 


TOTAL HOURS: 188 hours 177 hours 
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Figure 4.1 Supercharged Power Plant Reliability 
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The availability, then becomes (for installed hours equal to опе уеаг): 


A = 8760 - (188 + 177) - 95,65 
8760 


Maintenance 

Gas Turbine System--The combustion gas turbine, as with any rotating 
power turbomachine requires a program of planned periodic inspections and 
replacement of parts in order to maintain operational reliability. The 
major structural components of the heavy-duty gas turbine are designed 
from long-established concepts derived from steam turbine technology. A- 
long with the maintenance of the gas turbine itself, fuel and lube oil 
systems, control devices and other auxiliaries (such as the starting motor) 
require servicing from time to time. All of these functions may be per- 
formed in place--similar to the steam and diesel engine. This is in con- 
trast to the replacement philosophy in which the entire unit is removed and 
returned to the factory for repair. With in-place repair, minor repairs 
and replacements are easily performed which would otherwise require complete 
removal and substitution. 

It is worthwhile to review at this time the basic features of the 
heavy-duty gas turbine which make it so readily accessible and maintainable. 
They are: (55) 

1) All casings, both turbine and compressor, are split on the 
horizontal centerline and may be lifted individually for 
access to all internal parts. 

2) With the upper half of the compressor casing removed, all 
stator blades can be slid circumferentially out of the 
casings for inspection or replacement. This can be 


readily accomplished even with the rotor in place. 





Ze - 


3. With the upper half of the turbine shell lifted, both halves 


fos 
о. wu T 
6. ЗЕЛЕ 


дек. 1 


of the first-stage nozzle assembly may be removed for іп- 
spection or repair, with the rotor in place. The inter- 
stage diffuser and diaphragm may also be removed by first 
removing the radial locating pins. The variable-angle 
second-stage nozzle can then be removed radially inward, 
after the actuating levers and inner side walls have 

been removed. 

turbine buckets are moment weighed and charted for as- 
sembly so that, in an emergency, they can be replaced 
without rebalancing the rotor. Normally, the rotor 
balance should be checked after replacing any parts. 
bearing housings and liners are split on the horizontal 
centerline so that they may be inspected and replaced 
when necessary. The lower half of the liners may be re- 
moved with the rotor in place. 

seals and shaft packings are separate from the main hous- 


ings and may be readily removed and replaced. 


Fuel nozzles and combustion liners can be removed for inspec- 


tion, maintenance, or replacement without lifting or mov- 
ing any of the casings. Removable cover plates close the 
ends of each combustion chamber. 

major accessories, as well as filters and coolers, are 
separate assemblies that are readily accessible for in- 
Spection or maintenance. They may also be individually 


replaced if necessary. 





Sa. 

There are four major inspection schedules which are recommenced for the 
industrial gas turbine. (56) They are: 

a) Running inspections 

b) Service inspections 

c) Minor inspections 

d) Major inspections and overhaul 

The running inspection, as the name implies, is the day-to-day observa- 
tion of temperatures, pressures and other indications which go to make up 
the critical check points for the operation of a high-speed turbomachine. 
These tasks would be performed by ship's force while on watch, under the 
supervision of the Engineering Officer of the Watch (see Appendix F). 

The service inspection consists of a short shutdown period to inspect 
combustion liners and fuel nozzles. A fouled combustion system can result 
in much shortened life of the downstream turbine nozzles and blading. This 
inspection is done at approximately 6000-hour intervals. See Figure 4.2 67). 

A minor inspection is carried out at the 12,000-hour point. This is 
basically a hot-gas inspection and includes a visual inspection of the tur- 
bine nozzles and buckets. The top half of the turbine shell must be re- 
moved to accomplish this. See Figure 4.3 (58). 

The major inspection or overhaul is normally at the 24,000-hour mark. 
This includes all inspections done in the service and minor inspections 
plus a look at the compressor blading and all bearings. See Figure 4.4 
(59). See also Table 4.2 (24). 


Recommended spares are listed in Table 4.3 (60). 


Steam Generation System--The major item of concern here is the heat recovery 


steam generator. The waste heat boiler gas sides are prone to fouling 
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TABLE 4.2 Estimate of Maintenance Schedule (2L) 


Cumulative Hours 
Operation 


4,000 


6,000 


8,000 


425000 


16,000 


18,000 


20,000 


24,000 


Man Hours 


Required 


6 


24 


64 


24 


128 


300 


Work Per- 
formed by 


Crew 


Crew 


Crew 
Supervised 
Crew 


Supervised 
Crew 


Crew 
Crew 


Crew 


Crew 


Crew 


Crew 
Crew 
Supervised 


Crew 


Supervised 
Crew 


Supervised 
Crew 


Description 


Remove F.O. nozzles for repair 
aboard ship 


Inspect combustion liners, 
transition pieces and lst- 


stage nozzles 


Remove F.O. nozzles for repair 
aboard ship 


Replace combustion liners and 
transition pieces 

Replace first-stage nozzles 
Remove F.O. pump for repair 
Remove flow divider for repair 


Remove F.O. nozzles for repair 
aboard ship 


Remove F.O. nozzles for repair 
aboard ship 


Inspect combustion liners, 
transition pieces and lst-stage 
G> z tres 


Remove F.O. nozzles for repair 
aboard ship 


Remove F.O. nozzles for repair 
aboard ship 


Replace combustion liners and 
transition pieces 


Replace lst-stage and 2nd-stage 
nozzles 


Inspect 1st-stage buckets; re- 
pair as necessary 
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Cumulative Hours Man Hours Work Per- 
Operation Required formed by 
28,000 6 Crew 
307000 6 Crew 
32,000 6 Crew 
35-000 24 Supervised 
Crew 
64 Supervised 
Crew 
1 Crew 
1 Crew 
6 Crew 
40,000 6 Crew 
42,000 6 Crew 
44,000 6 Crew 
48,000 6 Crew 
24 Supervised 
Crew 
128 Supervised 
Crew 
300 Supervised 
Crew 


(TABLE U2) 


Description 


Remove F.O. nozzles for repair 
aboard ship 


Inspect combustion liners, 
transition pieces and lst- 


stage nozzles 


Remove F.O. nozzles for repair 
aboard ship 


Replace combustion liners and 
transition pieces 


Replace first-stage nozzles 


Remove F.O. pump for repair 
Remove flow divider for repair 


Remove F.O. nozzles for repair 
aboard ship 


Remove Е. 0. nozzles for repair 
aboard ship 


Inspect combustion liners, 
transition pieces and 15+- 
stage nozzles 


Remove F.O. nozzles for repair 
aboard ship 


Remove F.O. nozzles for repair 
aboard ship 


Replace combustion liners and 
transition pieces 


Replace lst-stage and 2nd-stage 
nozzles 


Inspect first-stage buckets; 
repair as necessary 
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TABLE 4.3 RECOMMENDED SHIPS SPARES REQUIREMENTS PER ENGINE 





MARINE TWO-SHAFT GAS TURBINES--(FIRST 24,000-HOUR OVERHAUL) (60) 


PARTS LIST 
COMBUSTION 


Cap & liner 
Crossfire tubes 
Sight glass 
Gaskets 
Retaining rings 
Sealer SP 
Transition piece 
Fuel nozzle 
Spark plugs 
Gaskets (plugs) 
Cores 


FUEL SYSTEM 


Fuel oil stop valve 
Packing 

Klozure gasket 
Rings 

Valve seat 

Valve disc 

Oil seal 

Gasket 

Connector tubing 
Check valve 

Unions 

Puel pump 

Flow divider 
Ignition transformer 
Flame detector 
Spark plug leads 
Filters (duplex) 
Gaskets (system) 


BEARINGS 


41 Bearing liner 
Deflector 
Thrust shoes 

#2 Bearing liner 
Deflector 

#3 Bearing liner 
Deflector 


12 
T2 
1622 
12 
80 
12 


Ша 
2 
12 


F2» кҥҥ кюр N ә 


юк кюнюн н 


NO. SPARES 


sets 


PARTS LIST 


BEARINGS (Cont'd.) 


#4 Bearing liner 
Deflector 
Air deflectors 


NHH 


LUBE OIL SYSTEM 


Main lube oil pump 1 
Pump реаг А 
Bearings y 
Retaining rings 2 
Bearing feed/drain gaskets 15 
Auxiliary lube oil pump 1 
Impeller j 
Ball bearings d 
Coupling i 
Coupling bolts 6 
Bearing seals 2 
Oil tanks internal gaskets 15 
Oil tanks external n 10 
Filters , (duplex) main 
Control oil filters 

Control oil gaskets 


М ~ 


COUPLINGS 


Load gear 
Accessory drive 
Starting gear 
Coupling bolts 
Coupling nuts 


сосове = 


COOLING SYSTEM 


Water pump 

seals 

Bearings 

Gaskets (system) 5 
Impeller 


HONNA 


CONTROL SYSTEM 


"SPEEDTRONIC" control cards 250 


NO. SPARES 





TABLE 4.3 (Continued) 


PARTS LIST NO 
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. SPARES 


CONTROL SYSTEM (Cont'd. ) 


Fuses 

Resistors 

Lamps (indicator) 

Control switch type SBM 
Thermocouples (exhaust control) 
Exhaust trip 

Turbine Int. wheel space 
Turbine shell 

Nozzle 


TOOLS 





"ISPBEDTRONIC" calibrator 

Frahm tachometer 

Vibration indicator (light beam) 
Volt/amp meter hook-on 
Borescope 

Card puller 


H 12 H HH p 








or 
depending on which type of fuel is burned. Soot blowers are installed in 
the boiler to periodically clear away soot and other products of combus- 
tion which tend to reduce the life and efficiency of the boiler. Water- 
side chemistry for the boiler is also of utmost importance as the success- 
ful operation of steam generating equipment depends upon a rigid control 
of feed water to assure freedom from scale formation and corrosion of 
steam contacted surfaces. The three most critical items to be controlled 
are hardness (0 ppm), oxygen (.007 ppm), and alkalinity (8.0 p.H). Boiler 
water hardness is generally controlled with combinations of trisodium phos- 
phate and other sodium and phosphate compounds. These form a sludge which 
may be removed from the boiler by frequent blowdowns. The oxygen is kept 
under control through the deaerating condenser (no deareating feed tank), 
and by the addition of sodium sulfite. The latter method of control is 
commonly used in submarine power plants. (61) 

Maintenance aspects of the other portions of the steam cycle consist 
of normal routine maintenance as with any steam plant. Steam turbines are 
essentially maintenance free--thus the bulk of the maintenance requirements 
would revert to pump repacking, reseating valves, rewinding motors and look- 
ing for water leakage. The relatively low pressure of 450 psig should make 


the plant relatively easy to maintain. 


Maintenance Costs 

It is estimated that most of the work on the cycle will be able to be 
accomplished by a well-trained ship's force. Some technical supervision 
will no doubt be required to assist from time to time with the gas turbine, 


and this need is reflected in the estimated maintenance costs. 
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GAS TURBINE (52)(54) 
Annual charge & technical assistance 
Parts and repair @ 5.40 per fired hour 


x two plants for 5250 running hours 


STEAM SYSTEM: (54) 
Technical assistance 


Parts and repair 


$10,500 


565500 


367,100 


S 2,500 


37,500 


540 „000 


TOTALS: 


$67,100 


$40,000 


$107,100 
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UN CRE COSTS COMPARED WITH PRESENTLY-INSTALLED STEAM PLANT 


The costing of power plants on a сапра ма basis is not an easy 
task, as cost data varies from reference to reference and thus any analy- 
sis tends to be a subjective one. While there are many sources, the pri- 
mary one was the General Electric Company estimates, (54 )(60 ) tempered 
with other economic studies. The basic philosophy was to approach costs 
on the high side, as much of the data is more than one year old. It 
should be noted that detailed costs are made only for the supercharged 
cycle contained in this thesis--the only attempt to make a comparison 
with the presently-installed steam plant is in the summary of total cost 
data in Table 5.1. The costing of the conventional steam plant is admit- 
tedly a gross estimate, and was made only to see whether the supercharged 
plant is within the same range. Additionally, one might like to ask the 
question, "If the Navy today decided to build an additional Fast Combat 
Support Ship, how much might a gas turbine power plant cost as compared 
with a steam plant?" 

The results of Table 5.1 show, not surprisingly, that the total of 
present worth of annual costs plus acquisition costs for the gas turbine 
plants exceeds that of the steam plant. The most significant figures are 
the fuel costs which are close to 30% higher for the steam plant. While the 
Navy historically has seemed to feel fuel is a small part of their operat- 
ing costs, five of these ships operating for twenty years represents a siz- 
able amount of money. Perhaps the Navy, in the corporate sense, should 


take a closer look at annual fuel costs. 





ACOUTSTTION COSTS 
OPERATIONAL COSTS 
Annual Fuel 


Annual Maintenance 


NET PRESENT VALUE 
of operating costs 
for 20 years @ 12% 
interest: 
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TABLE 5.1 Summary of Cost Data 


SUPERCHARGED CYCLE 


$19,557,040 


$1,804,000 


417,810 


$1,921,810 


$14,250 ,000 


$33,807,040 


PRESENTLY INSTALLED 


STEAM PLANT (GROSS EST.) 


$11,700,000 


$2,419,000 


82,000 


$2,501,000 


518,700,000 


530 „400,000 
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TABLE 5.2 Summary of Acquisition Costs for the Supercharged Cycle 


MATERIAL: 


a) Main propulsion, gas 
turbine and steam 


plant, per shaft Š 5,820,800 


b) Electrical | 862,000 
c) Miscellaneous 236,000 
INSTALLATION: $ 1,834,400 


OVERHEAD AND ADMINISTRATIVE EXPFNSES @ 10% = 


TRIALS: 


x 


x 


x 


x 


shafts 


shafts 


shafts 


shafts 


"H 


Š 
Š 
Š 
5 
5 
5 


11,641,600 


1,724,000 


472,000 


13,837,600 


3,668,800 


17,506,400 


1,750,640 


19,257,040 


300,000 


19,557,040 
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(Per Engine Room) 


TABLE 5.3 Detailed Breakdown of Acquisition and Installation Costs 


(Detailed list of equipment may be found in Appendix Е) 


MAIN PROPULSION 


a. 


General Electric MS 5322B 
gas turbine, inlethouse 6 
demister, Speedtronic con- 
trols, propulsion control 
bridge remote, dual L.O. 
coolers & standard acces- 
sories 

Reduction Gear 


Supercharger turbine & 
compressor 


Heat recovery steam 
generator 


Auxiliary boiler 

Ductwork 

Intercooler 

Deaerating condenser 
Vacuum pumps 

Salt water circulating pump 


Controllable pitch propeller 
and shafting 


Piping 

Main feed pumps 
Condensate pumps 
Evaporators 


Air compressors 
SUBTOTALS: 


Seo" 


> 15h 


ACQUISITION (54)C60) 


020,000 


860 ,000 


788,000 


500,000 
40 „000 
91,000 

120,000 

140,000 
16 „800 


40,000 


840 „000 
162,000 
42,000 
25,000 
120,000 


36 ,000 
820,800 


INSTALLATION (54) 


Š 95,000 


60,000 


10,000 


95 ,000 
15,000 
210,000 
11,000 
9,600 
2,000 


4,000 


77,000 
780,000 
4,800 
3,000 
10,000 


1,500 


5 1,387,900 
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TABLE 5.3 (Continued) 


a. Engine 


ACQUISITION INSTALLATION 
ELECTRICAL 
a. Turbo-generators S 512,000 $ 19,000 
Diesel generator 12573000 105000 
с. Wireways 65,000 96,000 
d. Switchboards _ 160,000 20-000 
SUBTOTALS: 5 862,000 $ 145,000 
MISCELLANEOUS 
Room outfit 5 186,000 5 180,000 
Drawings 6.000 ц8,000 
с. Automation (steam side 
only for acquisition) 8,000 72 000 
d. Shaft brake 36,000 1,500 
SUBTOTALS: $ 236,000 SEUS TO 
TOTALS: Found in Table 5.2 


OPERATING COSTS 


a. Annual 


These 


115; 


"DES 


1 Ец? 


2100 


Fuel Costs--based on engine running 5,250 hours per year. 
hours are arbitrarily broken down into the following schedule: 


Assume 40% of time at full power = 2,100 hours 


Assume 20% of time at 17 knots = 1,050 hours 


Assume 40% of time at 12 knots 2,100 hours 





Power: Navy distillate fuel (62) 
54,35 1 BBL .444 Lb i 
h x wer ен 100000 SHP = S 1 о 
без BBL 1 305 15 SHP-HR : $ l, 





qu 


BLE 5.9 (Continued) 


ii. 17 knot endurance: Navy distillate fuel 


$4.35 „ 1 BBL , .585 1b „ 91 909 SHP = $ 171,500 


x „ee лавах 
РОЧ GOE b ^SHPEDE 





Eg. 12 knot replenishment: Navy distillate fuel 


2100 hours x 95:35 , 1 BBL , .60 lb & 15,500 SHP = $ 243,000 
BBL 305 1  SHP-HR 


TOTAL ВОН 3000 
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ANNUAL MAINTENANCE COSTS 
From Chapter 4, annual cost is estimated to be $107,100. Since ap- 
proximately half of the maintenance cost comes from land-based gas turbine 
data, (as opposed to those operating in a constant salt air environment) 
1% is added to the cost figure. While this is admittedly arbitrary, it is 
highly unlikely that the costs will go down in the salt air environment, 
and thus a conservative estimate would put the figure higher. Maintenance 
costs are rarely overestimated. This figure then becomes: 
S 117819 
r L СКСЪЕ COSTS 
Using net present value concepts which relate future expenditures to 
current dollars, the total of fuel and maintenance costs are computed. 
An annual rate of 12% interest is assumed and time is for a 20-year period. 
The basic relationship here is: (63) 
Where i = interest rate, N = time in years, P = net present value, 


and R = annual cost of fuel and maintenance, 


= кр it Da 


P с а 
1(1 + i)N 


The life cycle cost thus becomes $14,250,000. 
ESTIMATED FUEL COSTS OF PRESENTLY-INSTALLED STEAM PLANT (51) 


1. Full Power: Navy distillate fuel oil 


2100 hours x 34.35 x _1 BBL x .632 1b x 100,000 SHP = $ 1,900,000 
ВВ. 305 1b  SHP-HR 


ii. 17 knots: Navy distillate fuel oil 


$4.35 1 BBL 685 lb 
| ours BET. засва» ол” 21.000 SEP = 5 2762089 





== 


iii. 12 knots: Navy distillate fuel oil 


ол б 54,35 e INES D: 
00 hours ВВГ 305 1b SHP-HR 





x 13,500 SHP = $ 303,000 


$ 2,419,000 
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6. CONCLUSIONS AND RECOMMENDATIONS 


The main conclusions of this feasibility study in using a super- 


charged heavy-duty gas turbine and steam cycle for marine propulsion are 


as follows: 


1) 


2) 


ED 


It would be feasible to place a large heavy-duty supercharged gas 
turbine and steam cycle aboard a large Naval Auxiliary ship such 
as the Sacramento Class (AOE-1). The plant will fit within the 
presently installed engine rooms with no significant weight in- 
crease. Some modification to the hull superstructure would be 
required in order to provide for increased air flow to the gas 
turbine. 

The specific fuel rate at full power, 0.444, is significantly 
better than that of the presently installed steam plant. The 
SFC is also better at lower power ranges, and the annual saving 
in fuel costs to the Navy (with both plants burning Navy Distil- 
late fuel) would be on the arder of 30%, with longer endurance 
capability. 

The excellent thermal efficiency and fuel rates are comparable 
with those of the aircraft derivative gas turbine. At lower 
power levels, the ability to use the waste heat from the gas 
turbines enables the heavy-duty gas turbine to maintain a 
"flatter" fuel rate curve. It appears that with the performance 
characteristics of the heavy-duty gas turbine as indicated by 
this analysis, more consideration to their use should be given 


by the Navy for large displacement ships. 





ц.) 


5) 


6) 


7) 


8) 
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While supercharging of the gas turbine presents an interesting 
thermodynamic consideration, it is concluded that steam produced 
in a waste heat boiler can best be utilized by coupling a steam 
turbine directly to the shaft, as in the case of the STAG cycle 
(Figure 2.3), which has a good specific fuel rate. 
The life cycle cost of a steam plant for the AOE-1 class would 
be less than that of the supercharged gas turbine cycle, primar- 
ily due to initial acquisition costs. 
The control of a supercharged cycle is a complex one and careful 
consideration must be given to off-design points, i.e., steam 
pressure and steam flow changes as the gas turbine changes power 
levels, specifically, exhaust gas temperature and flow. 
The analysis showed that the supercharged cycle, as presently 
configured, produced unacceptable levels of 'dumped' steam at 
high power levels. At lower power levels, e.g., while the ship 
was replenishing at 12 knots (large KW load alongside), there is 
insufficient steam to generate electrical power without using the 
emergency diesel and without reducing hotel load. This must be 
considered a totally unacceptable condition while alongside 
another ship. 
The use of an intercooler aboard ship is worthy of consideration 
in a gas turbine cycle, as there is a large heat sink (the ocean) 
available which is normally not used. Intercooling at temperature 
levels considered for this plant would not normally be recom- 
mended.  Intercooling would be more beneficial to the thermal ef- 


ficiency of the cycle if accomplished at higher temperatures. 
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However, intercooling in a marine environment is particularly 
desirable as there will be a significant reduction in airborne 
sea salts. Sodium salt reduction reduces hot part corrosion of 
the gas turbine. 

9) The AOE-1 Class of auxiliary ship would be able to steam in ex- 

cess of 24 knots with the steam plant completely secured, i.e., 
on gas turbine power alone. Electrical take-home power could 
be supplied by the emergency diesel generator. 

The principle recommendation for further work in the area of using 
heavy-duty gas turbines for ship propulsion in the Navy has already been 
alluded to in the conclusions--that is, a closer look at the possibilities 
for their use is warranted. The industrial gas turbine has been used in 
industry for many years. While only one ship was ever propelled by a U.S. 
heavy-duty gas turbine (SS John Sergeant), the General Electric Company 
alone has 22 units in marine environments with operating time in excess of 
1,000,000 hours. While this in itself does not show that they will per- 
form perfectly aboard a moving vehicle, the durability, ruggedness and in- 
place maintenance of the machines, coupled with exceptional reliability 
and availability figures makes them a desirable option in marine power 
plants. Maintenance costs and acquisition costs remain an unknown an at 
present tend to be on the high side, and these are definite disadvantages. 

A possible modification to the combined cycle for the industrial gas 
turbine would be the regenerative cycle. As stated in Chapter 2, however, 
a regenerator should be used with an intercooler and these two items make 
a very large size and weight factor in propulsion system design. Addi- 


tionally, regenerators may increase maintenance costs considerably. Thus 
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it is recommended that an industrial gas turbine be used with a waste 
heat boiler at low steam pressures. This allows power generation and other 
auxiliaries as well as hotel services, which would have to be provided by 
a gas turbine or diesel generator, and an auxiliary boiler. The main ad- 
vantage in the combined cycle is simply one of economics--why exhaust 
gases to the atmosphere at 700° or 800° F. when they can be used to do 
work? To those who feel that combined plants are the "worst of both 
worlds," it must be recalled that much sentiment toward steam within and 
outside the Navy has been colored by 1200 psig refractory boilers designed 
as long ago as 15 years. Thus, it is submitted that the steam portion of 
this cycle (particularly with an unfired HRSG) would not in fact be a 
maintenance nightmare. With respect to the firing versus unfired waste 
heat recovery steam generator, the boiler could very easily be fired to 
prevent the low steam flows when at low power. Additionally, this allows 
a mode of auxiliary power when the propulsion gas turbine is not on the 
line and could be used for start up in lieu of the gas turbine starting 
system described in Appendix C. The question of forced and natural cir- 
culation is nearly a straight trade off--the natural circulation boiler is 
easier to clean and the watersides tend to remain cleaner, while the forced 
circulation is smaller and saves on size and weight. The forced circula- 
tion boiler was chosen for the latter reason and also due to the fact that 
economizer water was recirculated to bring feed water temperature up to an 
acceptable level. 

The s team cycle in a combined cycle should be kept as simple as pos- 
sible--thus the decision was made to go with a deaerating condenser. It is 


recommended that this concept be used for shipboard combined cycle plants, 
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particularly at low pressures and temperatures, where dissolved oxygen 
and pH requirements are somewhat eased. With respect to pressure levels 
for the steam plant, again a trade-off must be made. Lower steam pres- 
sures mean lower stack temperatures and a more efficient plant--they do, 
however, tend to increase the size of steam machinery and piping. 

One consideration for power generation is the attachment of a ships 
service generator to the main shaft--this design is being implemented on 
the ships for Broken Hill Proprietary, Co., Ltd., previously mentioned. 
The method used there is to maintain frequency within 10% by placing 
larger emphasis on changing propeller pitch, that is, propeller pitch 
varies to hold essentially constant speed for the attached generators. 
Additionally, it would be possible to run an attached generator with 
variable speed yet constant frequency through an electronic package. 

Another possible recommendation in the design of a combined cycle 
plant would be to use gas turbine generators. They would be particularly 
useful during warmup and starting time, as they could exhaust directly to 
the waste heat recovery steam generator and commence producing steam, 
which in the case of the supercharged cycle, would allow the supercharger 
соме сав. | 

The original design for this supercharged cycle included the use of 
steam injection directly into the combustion chamber. This reduces 
nitrous oxide levels significantly and would be desirable when entering or 
leaving port.(6%) Additionally, power is increased with the increased 
mass flow and for each 1% of steam injection (related to air flow) approx- 
imately a 4% increase in power is realized. The integration of this com- 


ponent into the system was discarded as insufficient steam flow was available 
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at low power levels. Additionally, trade-offs between doubling the evap- 
orator capacity (to 120,000 GPD) with the added cost, as opposed to the 
actual net gain in power and pollution prevention made it infeasible in a 
shipboard environment. Steam fuel atomization and water injection are 
also possible alternatives, but these, like steam injection, are probably 
best utilized in a land-based power plant. 

A final recommendation would be to put another loop into the steam 
control system--an input which would regulate the waste heat boiler by- 
pass damper valve if steam pressure began to rise uncontrollably and 


safety of plant and personnel were endangered. 
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APPENDIX A.--THERMODYNAMIC CONSIDERATIONS OF THE CYCLE 


A.1 Full Power Calculations (Fig 3.1) 


Figure A.1 shows the T-S diagram (qualitatively) for the supercharged 


gas turbine plant. 


TO: 


TLE 


25 


13. 


14. 


Ше 


G. E. MS 5322(B) GAS TURBINE 


Inlet temperature (to both supercharger and 
gas turbine): 


Inlet Pressure to Supercharger: 


Supercharger Pressure Ratio: 


. С.Т. Inlet Loss: 


G.T. Outlet Loss: 

G.T. Firing Temperature: 

Pressure Drop, Combustion Chambers: 
G. T. Pressure Ratio: 


Pressure Drop, Supercharger Outlet to 
ST. inert: 


Supercharger Compressor Efficiency 
(Isentropic): 


G.T. Compressor Efficiency (Isentropic): 


G.T. High Pressure Turbine Efficiency 
(Polytropic): 


G. T. Low Pressure Turbine Efficiency 
(Polytropic): 


Base G.T. Flow Rate: 


Injection Temperature 


Assumptions used in the sample calculations: 


2709 F. = 530° R. 


14.7 psia 
1.4:1 

4" H40 
10" Н,0 


1760 Е, 


о 
со 


62251 


0.6 psia 


0.84 
256.3 1bm/sec 


за ще 
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Figure A.1 T-S Diagram for Supercharged Power Plant 
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a.) SUPERCHARGER WORK (Using Reference 65) 


€ Top = 530% R., Prog = 1.640 hog = 16-8 Btu/lbm 
Pog = 14.7 psia, Py = 20.6 1bf/in2 
Where: s- Isentropic 
Pry = 1-4 (1.640) = 2.30 
a - Actual 
= о = 
G Pro Tos = 5489 В. , hos = 29.760 Btu/lbm 
Dow - 
Ngo = +85 = 108 7 Roo 
ho, > hoo 
he | Btu/lbm 
a 
То. = 591.09 В, = 384.298 
а 
m (7 1.5 (256.3) = 358.0 1b/sec 
ЭС 
un ASS Crs. 3)-< 
Wan = ое. 
а... . 7074 Fe 


b.) GAS TURBINE WORK 
Pressure drop through intercooler and ducting. Temperature re- 


duced to Ee in intercooler, 


20.0 lb/in? 


P, = Po - .6 = (20.6 - .6) 


ТО ТЕ. с 530 "Б. 


11 


@ 70° F., P] = 20 1bf/in?, h] = 16.8 Btu/lbn, Pr] = 1.640 


Po = 8.2(20) = 164 1tf/in? and Py, = 1.64 (8.2) = 13.45 
@ Pro, To, = 500.39 F., ho, = 121.215 Btu/lbm 
_ h2əs hl 


Пе = . 86 = ho hy Te п = 138.28 Btu/lbm 


b.1) COMPRESSOR WORK 


Ва Ще" _ (381.53)(121.18) 
HP. = nm.fAh = Пот Во 781) 70 Ho = 


(ша corrected for air temp. not 0 59°F.) = 50:620 HP 
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b.2) HIGH PRESSURE TURBINE (Ah same as Compressor Work) 


= 439.92, Pp, = 302.403 


3a r3 


hy = h3, hyp = 439.920 - 121.480 = 318.440 Btu/lbm 


@ T3, = 1700% F. = 2160 R., h 


Tiara cet: 
a 


а = „ВТ = Дре ара, зача 
Ша - Ву 


НІ - ss007comenuy Lbm 
S 
@ hy.» Pr). = и m ПО Ба, 


103-2 | 2.93 
b.3) -LOW PRESSURE TURBINE (Including 3% Combustor Loss) 
Gases now expand to 10" back pressure, 15.1 16Ї/іп? 
- О z = 
@ s O ЕК Prha = 121.2, а = 318.140 


Pressure ratio = 54.27 = ` P = 121.2 _ 33.66 
T 1 — БА зара 


0 33.66, 15. = 189.920 Btu/lbm Ts, = TT3.5° Р. 


Hechos 


up = aS = hh, As n hs, = 210.77 Btu/lbm 


853° F. (Exhaust temperature) 


Tsa 


b.4) WORK OUT TO SHAFT 
Assume: a) Loss in power correction from то“ F to 
59" F. is 0.96 (Figure C.2) 
b) Fuel air ratio = 1.0185 


с. Gear efficiency = 0.985 
SHP = m – (351.53) (107.95) (.96)(1.0185) (.985) 


Ah 
LP l 
= 50,194HD ЕП 


с.) STEAM CYCLE--See Table 3.6 and Reference (66) 


Steam Conditions: 


750” F., 102,000 1b/hr 


P = 4509 psig, T 
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c.l) TURBOGENERATOR REQUIREMENTS (51 )--4000 KW/Ship (Constant 
line pressure @ 450 psig); or 2000 KW/Engine Room (Two 


generators ) 


Theoretical Steam Rate: hg = 1389.3 
EH И) | 
В = 2422.1 = . 
TS m" Ap 921.0 @ 1 psia 
168.3 
_ 3412.1 _ 
TSR = 168.3 = 7.28 1b/KW-HR 
0.678 
1.0 SR = TSR =... CCGSENN en: 
(E) (fS) CE) CE.) Mora) (1.0)(. 9959 O35) 
0.995 
TAS 


Correction for load factor: Each generator (1500 KW) loaded down 


@ 1000 KW connected 





1000 K _ 
1500 тт. 66.82 е е f. — .952 
. SR 10.65 
Final Steam Rate = == = - : - 
= Sr. 7952 11.2 1b/KW-HR 


11.2 LB/KW-HR x 2,000 KW = 22,400 LB/HR required, Leak-off 
steam;2 x 50 LB/HR = 100 LB/HR 
Turbo Generator Steam = 22,500 LB/HR 
NET STEAM AVAILABLE: 
102,000 LB/HR 
-22,500 LB/HR 


79,500 LB/HR 


c.2) SUPERCHARGE REQUIREMENTS--(Constant Line Pressure @ 450 psig) 
Using MST-13 Turbine, 12 stage, steam conditions as above. 
HP required: 7,750. SR for this turbine = 6.95 LB/BHP-HR 


(.76 efficiency) 
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г. 6.95 LB/BHP-HR x 7,750 = 54,000 LB/HR 
Leak off = 200 LB/HR + (.003 x BHP) = 223 LB/HR 
Supercharger Steam = 54,223 LB/HR required 
NET STEAM AVAILABLE: 
79,500 LB/HR 
-5Ц „223 LB/HR 


25,277 LB/HR 


c.3) MAIN FEED PUMP REQUIREMENTS--DISH @ 700 psig (Constant 
Line Pressure @ 450 psig) 
Total flow to be pumped: 102,000 LB/HR Supht 
15,000 LB/HR SAT 
117,000 LB/HR TOTAL 
117,000 LB/HR x = 1.298 МГ. 234 GAL/Min 


пр = EFF of pump = .66 


ВНР = 144 x AP X up X W = АР (СРМ) - _700(234) = 144.5 HP 
33,000 x 60 x EFF, 1715 (ЕРЕ) 1715 (.66) 


IHP = Internal Turbine Horsepower 


IPH = с 2 = 147.5,n,, = Mechanical Efficiency 


Flow Required: 


m = IHP(550)(3600) = 147.5(550) (3600) where n.;= Internal 
Ne; (4h) (778) (25) (16873707718) Turbine Eff. 
Ah= 468.3 


1,610 LB/HR 
50 Losses 


1,660 Feed Pump Steam 
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с.) NET STEAM FOR DUMPING TO MAIN CONDENSER: 
25,277 LB/HR 
-1,660 LB/HR 


23,617 LB/HR 


17-Knot Endurance Calculations (Figure 3.24) 


Assumptions are the same as in A.l except: 


3. Supercharger pressure ratio: ера 
6. G.T. Firing Temperature: 1230°F 
8. G.T. Pressure Ratio (80% Compressor speed): 5.086 :1 
9. Base G.T. Flow Rate: 205 LBM/SEC 
1. G. T. Compressor Efficiency(Isentropic): E 


a.) SUPERCHARGER WORK 


O 
€ Toy = 530 R., Phoo = 1.6L0 hoo = 16.8 Btu/lbm 
Poo = 14.7 psia, Py = 17.2 lbf/in* 
| РЕ: 101.610) = 1.920 
0 


= о ха 
@ Pro» То. = 5554 Rk. , ho, 7 22.555 Btu/lbm 


85 hos - hoo 
Пас = Е E ru E 
"hg, 7 23.6 Btu/1bm 
& 
To, 7 98.5" F. 
mee 1.17(205) = 240 lbm/sec 
. (240) (6.8) 
Wse = msc(ho, - hoo) = Мт Рао НОР. 


b.) GAS TURBINE WORK 
Pressure drop through intercooler and ducting assumed to be 
| О 
same as that for full power. Temperature reduced to TO F. in 


intercooler. 





O 
ТЕ (O s 
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оо 152/112 


530° R. 


@ 70° F., P4 = 16.6 lbf/in^, ћу = 16.8 Btu/lbm, P,, = 1.640 


1 


Py = 5.084(16.6) = 84.5 lbf/in® and Py, = 1.64(5.084) = 8.31 


га 


O Po» To. = 381.5? F, ho. = 91.8 Btu/lbm 


ца 


n = 


БЕ 


b.3) 


ho. - h 


Ее с hp = 120.8 Btu/lbm 


2. hy 


COMPRESSOR WORK 


HP, = momàh = igp (h2, - hi) 7 ler au = 36,200 HP 


Now assume all compressor work done by H.P. Turbine 


FAN = 104.0 Btu/lbm 


HP 
Pressure loss in combustor, P} = 84.5 (.97) = 82.0 lbf/in° 
a 


HIGH PRESSURE TURBINE 


O 
0 Ша = 1220 Е, ПЗа ое = 112.794 


3 


ny = ha, - Ahyp = 439.920 - 104.0 = 206.92 Btu/lbm 
O 
Dus =" 55 5 Е. i 
_ _ ВЗа - Bh, а " 
nyp = .87 = TA 25 hy. = 191.379 Btu/lbm 


пц» Рр = 33.2, Тр = оа 


Pressure Ratio: 112.19 = 3.291 4. Py = 82.0 = "21 20 1bf/in* 


34,2 7 3.29Т 


LOW PRESSURE TURBINE 


Gases now expand to 10" back pressure, 15.1 lbf/in* 


@ т, = 838.5 F., hy = 206.920 


Tu ions Е 
Pressure Ratio: 15.1 ^ 1.649 Pro. Sr = 21.8 








| 


|| 


ШЕЛ) 


с.) STEAM 


See 


@ 24.8, Hrs 1652 Btu/ 
hh. - hos 
Ка "= 


616.5? Р. 


Шот Ts 


е 


. hs, = 171.920 Btu/lbm 


Ts, = 703.5° F. (exhaust temperature) 


a 


WORK OUT TO SHAFT 


| O 
Assume: a) Loss in power correction from 70 F. to 


59 F. is O 


‚96 (Figure C.2) 


b) SSL C DVA i> natio = 1.013 


с) Gear Effici 


ency = 0.985 


а) Loss in Flow from Ambient = .98 


(240) (35) ( 


Wip = My pAh = 


96) (1.013) (.985) (.98) 


“ТОП = даная? HP 


CYCLE See Table 3.6 and Ref. (66) 


Steam 


с 


DOT 
1.0 
0.995 


1.005 


| Б ОБЕ. 
L 1500 


Conditions: P = 150 psig, T = 680° F., 39,650 LB/HR 


TURBOGENERATOR REQUIREMENTS (51)--1140 KW/Ship (Constant 


line pressure @ 450 psig); or 570 KW/Engine Room (One 


generator) 


Theoretical Steam Rate: 


ho = 1318.8 
TSR = 3412.1 
Ho- Пр hy = 005.0 @ 1 psia 
төн - 3412.12 7.28 LB/KW-HR 143.8 
143.8 
TSR .28 


58 * ROG) - 


37.9% Load 


T 
(.678)(1.0)(.995)(1.005) 


= 11.35 
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E. f. = .862 Final S-R = 7862. - 860 > 13.19 1b/KW-hr 


13.19 LB/KW-HR х 570 KW = 7,500 LB/HR 
Leak-Off 1 x 50 LB/HR 50 
Turbogenerator Steam 7,550 LB/HR required 
NET STEAM AVAILABLE: 
39,650 LB/HR 
-7,550 LB/HR 
32,100 LB/HR 
c.2) SUPERCHARGER REQUIREMENTS--(Constant line pressure @ 
450 psig) Using MST-13 Turbine, 12 stage, Impulse. 
Steam conditions as above: HP required: 2,310 HP. 
SR for this turbine = 6.95 LB/SHP-HR (.76 efficiency) 
. 6.95 LB/SHP-HR x 2,310 = 16,050 LB/HR 
Leak-Off 200 + (.003 
x 2310) = _ 207 
Supercharger Steam = 16,257 LB/HR Required 


NET STEAM AVAILABLE: 
32,100 LB/HR 


-16,257 LB/HR 
15,843 LB/HR 
c.3) MAIN FEED PUMP REQUIREMENTS--DISH @ 700 psig (Constant 
line pressure @ 450 psig) 
Total flow to be pumped: 208-650 Шр 
156000 ВУНЕ АТ 
54,650 LB/HR TOTAL 


1 HR -I CAL 
i 


54,650 LB/HR x commu ee LO = = 109 GAL/MIN 
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_ luu x AP x ХМ АР (СРМ) 700(109) 


IAE ERE) | 19150056) 99 HP 
тнр - ЗЕР - 68.5 - 70 HP 
ШТ .98 
Flow Required: Ah = 443,8 


- ІНР(550)(3600) . | 70(550)(3600) - gog LB/HR 
m ne;(An)(778) (5) (443.8) (778) 
+ 50 LB/HR Loss 50 LB/HR 


Feed Pump Steam 859 LB/HR Required 


c.4) NET STEAM FOR DUMPING TO MAIN CONDENSER: 
15,843 
859 


14,984 LB/HR 


А.З 12-KNOT REPLENISHMENT CALCULATIONS (See Figure 3.25) 


Assumptions are the same as in A.l except: 


3. Supercharger pressure ratio: Iel: L 
6. G.T. Firing Temperature LOSE. 
8. G. T. Pressure ratio (80% compressor speed) 5.084:1 
9. Base G.T. Flow Rate: 205 LBM/SEC 
11. С.Т. Compressor Efficiency (Isentropic): -72 


a.) SUPERCHARGER WORK 


@ Too = 530° R. P 1.680, hoo 7 16.8 Btu/lbm 


700 
14.7 psia, Pg = 16.60 lbf/in? 


Poo 


s сИ 650 


@ Pro» Tog * 548.59 R., ho, = 21.210 Btu/lbm 


hos = Под 


hoa ` hoo 


21.0 Btu/lbm 


ЕТ 
II 


Вази h, 


E 
II 





BR 


) 


d 


ПИ ас = 2232 1bm/sec 


SC 


я 232)(4.2) _ 
ee se) - va Б 
аа ам OO „7074 === 


GAS TURBINE WORK 
Pressure drop through intercooler and ducting assumed to be same 
as ens ee full power. Temperature reduced to 70° F. in inter- 
cooler. 

Ру = = 1630 винне 


709 Е. < 5902 е 


Ti 


Q 709 F., P, - 16.0 lbf/in^, ћу - 16.8 Btu/1bm, P, = 1.640 


1 
Рә 7 5.085 (16.0) - 81.3 lbf/in? and Pp, = 5.084 (1.64) = 8,34 


6 Р,,. Т) - 381.59 F., ho, - 91.8 Btu/lbm 


n2. š hy 


ho ` hi 


n = .72 = ". По = 120.8 Btu/lbm 
a 


b.1) COMPRESSOR WORK 


1.13(205)(104.0) - 34 400 HP 


с . 70711 


HP = M mAh = mep (ho | = h,) = 
Now assume all compressor work done by H.P. turbine 

+ Ahyp = 104 Btu/lbm 

Pressure loss in combustor, Pa, = 81.3 (.97) = 78.7 1bf/in* 


Б.2) ОНТОН PRESSURE TURBINE 


@ Тза A hg, = 278.090, ЈУ = 84.525 
hy, : hg - Ahyp = 278.090 - 104.0 = 174.090 Btu/lbm 
Ty о. 

= 07 = донна ". h, = 158.5 Btu/lbm 


n 
n за T Pus = 





БОО) 


ot) 
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= = ° 
а D Pr, = 22.736, T, = 6499 Е. 
84.525 78.7 a 
Pressure ratio 55 758 3.72 ц 3.75 21.2 Tb£/3n 


LOW PRESSURE TURBINE 
Gases now expand to 10" back pressure, 15.1 1bf/in? 
(d Tua = В hua = 174.090 


Е %. 72705 
Pressure ratio: 21.2 - 1.405 Рус z САБА = 19.75 
Ше 5 1.405 


6089 F. 


@ 19.75, hs, = 148 Btu/lbm, Ts, 


152.09 Btu/lbm 


Пір + -84 = hua 7 hs. у, he 


———— — а 
Ay, 7 lis. 


624.59 F. (exhaust temperature) 


154 


WORK OUT TO SHAFT 


Assume: a) Loss in power correction from 70% F, to 59% F, 
is .96 (Figure C.2) 
b) Fuel/air ratio = 1.01 
с) Gear efficiency = 0.985 


4) Loss in flow from ambient = .98 


= Ан < (232)(22)(.96)(1.01)(.985)(.98) - 6,750 НР 


W 
LP LP 707 


STEAM CYCLE--See Table 3.6 and Reference (66) 


12-KNOT REPLENISHMENT HEAT BALANCE (HIGH KW LOAD ALONGSIDE) 


Steam Conditions: P = 450 psig, Т = 620° F., 24,930 lb/hr 


Assume: a) Heating steam secured 


b) 1x 1000 KW Diesel on the line 
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c.l) TURBOGENERATOR REQUIREMENTS--3230 KW/SHIP (less 1000 
diesel) = 2230 KW/SHIP (Constant Line pressure @ 450 psig) 
or 1115 KW/Engine Room (one generator) 

Theoretical Steam Rate: hg = 1314.6 
3812.1 
re a ћ_ = 885.0 @ 1 psia 
07 hp pur 
429.6 
UL 7.95 
429.6 
Е = 0.678 
R = TSR = 7.95 = 11.89 
fp = 1.0 (Ey) (fp) (Fp) CFE) (.678)(1.0)(.995)(.991) 
F = 0.995 
SR 11,89 
P Final S.R. = — = 12.30 1b/KW-Hr 
f£, = 0.991 fT, .964 
ae 1115 - 74.39 12.30 1b/KW-HR 1115КИ - 13,700 1b/hr 
° 500 
Leak off steam = SO iby Ar 


Turbogenerator steam = 13,750 required 


NET STEAM AVAILABLE: 


сш?) 


Leak 


24,930 
13750 


TERESO 


SUPERCHARGE REQUIREMENTS--(Constant line pressure @ 450 


psig) Using MST-13 Turbine, 12 stage. 
Steam conditions as above. HP required: 1,380 HP 


SR for this turbine = 6.95 1b/BHP-HR (.76 efficiency) 


^ 6.95 LB/BHP-HR x 1,380 = 9,600 LB/HR 


off = 200 + (.003 x 1380) 204 


9,804 LB/HR required 
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NET STEAM AVAILABLE: 
11,180 LB/HR 
9,804 LB/HR 
1,376 LB/HR 
c.3) MAIN FEED PUMP REQUIREMENTS--DISCHG @ 700 psig (Constant 
line pressure @ 450 psig) 
Total flow to be pumped: 24,930 LB/HR Supht 
10,500 LB/HR SAT 
391301 1B 458 
1HR = GAL 


35,430 LB/HR x ———— х 1.198 10 
60 min E 


n = .66 
P 


70.80 ih 


144 х ДР х ўе х М __АР(СРМ) _ 700(70.8) 
335000 ~ 50 * EFF 1715(EFP 1715 (.66) ' о 


Flow Required: 


- ІНР(550)(3600) | 44.8(550)(3600) _ 
пол: (48) (778) (.5)(429.6)(778) 


+ 50 lb. Loss 50 


530 LB/HR 


Feed pump Steam = 580 LB/HR 


c.4) NET STEAM FOR DUMPING TO MAIN CONDENSER: 


15376 TEE, HR 


- 580 LB/HR 





796 LB/HR 


—— | 





ц 


A.4 Determination of Supercharger Compressor Characteristics 

a.) BASIC APPROACH.As stated in Section 3.2.2, the two-stage axial 
flow characteristics were generated by combining two M.I.T. gas turbine 
laboratory curves (Nos. 6 5 7) for a single-stage axial compressor. 

Looking at Figure 3.4 (P,/p, vs m/m*), the reasoning was to use two 
stages operating at a pressure ratio of 1.185 (i.e., 1.185 x 1.185 = 
1.4, the desired pressure ratio) and get a value of m/m*. This value of 
m/m* was used to go to Figure 3.5 (T/T, vs m/m*), and obtain a value of 
Т2/Т1. A mass flow parameter was developed which represented the exit 


conditions from the first stage. That is, at exit a value called m, was 


developed: 


mo - m/m*vT5/T| 
Р-/Р, 


This gave the mass flow parameter for the inlet conditions to the 
second stage and enabled one to relate the two stages in the development 
of the supercharger compressor characteristics. Points on the original 
P2/P, vs m/m* could now be picked off the curve at different speed param- 
eters and replotted on a new curve. Points were chosen as follows: 1) 
near the surge line; 2) at midpoint, and 3) near the choke line along 


curves of non-dimensional speed parameter, T.T is defined as: 


tip speed 
velocity of sound at inlet 


= 
== 


b.) SAMPLE CALCULATION 
From P5/Pi, vs m/m* at a pressure ratio of 1.185, пут“ = 0.234 


and Р/Р; = 1.0555 (Figure 3.5) at exit 


_ m/m*VTo/Ti _ .236Y1.0555 


DES mae | Xu 


mo 





AD 


Now considering a point near surge, m/m* = 0.21, P5/Pi = 1,214 and 


Да = 1.068. 


то? defined as second-stage inlet mass flow parameter 


A Ке 
1.068 


Ш2 
Multiplying this value by m/m* and dividing by m, gave outlet mass flow 


parameter, па. 


That is mol See E179 
Q7, C MR c oS * 234 = 0.206 








ШЕ this point MEE. = 1,216 апа то = 1.067. The pressure Patio 
thus is 1.214 x 1.216 = 1.475, which is greater than 1.4 as expected. 
Thus a point on the new compressor characteristic was m/m* = 0.210 
(d P5/P4 = 1.475. The constant speed lines, 1, were interpreted such that 
the .8 speed line became 1.0 speed (maximum) for the new characteristics, 
and the remaining speed lines were scaled accordingly. After all points 
were plotted (see Table A.1) the m/m* was converted to real flow in 
pounds per hour. The final supercharger characteristics are shown in 
Ligure 3.3. 
Efficiency was determined as follows: 


at design point: 


Tout = о 1055-х 1.0555 TE e 








Tin р 
7. Те = 1.115136 х 5309 В. = 598 0220001 Е. 591.02208 
-460 and -530 
SIETE: 61.0220 hh. 
nz SAT/Tin)isen _ (55/530) = 901313 


(АТ/Т; в) act (61.02208/530) | 





SE 
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SUPERCHARGER SIZING 


Assumed: 1) DID. EODD 


DE 500 ft/sec (inlet velocity) 


x 


1000 ft/sec max (blade tip speed) 


3) Ur 


ц) “п = 348.5 lb/sec 


P _ 17.6 1bflbm°R(144)in“ 


RT in253.34 ft ІБ: 56398 


m = PAC, p 
17.6 lbe ibm 9 R (14.4 x 10+ in?) 


Р = in? (53.34 ft 1bg)(5.63 x 102 9 R)ft? 


.859 х 1011 = 0859 15 /#+3 


m 348.5 lbm #+3 sec 


Б 2 
Pex sec 8.59 x 1072 lb, 250 x 102 ЕЕ DE 


BASE 
ie: une) го = .55r, 
ASS] 
ане ае ўв 
- тПГг,2 (1-.303)2 
г п(гі? .697) 


ет а 0 5) 


2 _ 8.13 , m 2 
+ ЕО ТІС 971 < 10 SEE 


1,93 ft 


Е 


оп о. 1,60 
11 - — x N - Е 
+ 60 2114 





М - 1000 ft (6.0x 10!) - 4950 ВРМ 


sec (6.28) (1.93)ft ` 





SUE 
A.5 Condenser Design (Reference 67) 


a.) GIVEN: Steam to be condensed: 117,000 LB/HR 
Tube size = 5/8" 18 gauge 
Material = 90-10 CuNi 
Exhaust = 2" Hg abs. 
Single pass (n = 1) scoop injection 


ius 09217780977 = 851.3 Btu/lb 


T 


1 Injection temperature = 67% F. 


L = Effective Tube Length: = 10.32 feet 


V = 9 ft/sec (water velocity) 


Рі - Cleanliness correction factor = 0.85 
Го = Material correction factor for U = .90 
F4 = Inlet water correction factor for U due to cooling 


water less than 70° F. = .99 
b. SOLUTION 


b.1) &, BASIC HEAT TRANSFER COEFFICIENT IN BTU/HR-FT* > A 


Hl 


gs W 


г. Џ = 27078 = 810 Btu/Hr-ft2 ° F. 


О corrected heat transfer coefficient: 


U, = UF¡F2Fg = 810(.85)(.90)(.99) = 615 Btu/Hr-Ft? ° F. 


b.2) TEMPERATURE RELATIONSHIPS 


ОК Where: L = Effective length of 
a = —— 
= each tube in feet per 
EST 32 (09107) Р 
Sa у лалы pass no. of passes 
500 (9) 
= 0.340 k = tube constant, s/g 


ей = 1.404 
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s = square feet of external tube 
surface per foot of length 
g = G.P.M. per tube at one foot 


per second water velocity 


т 
Hog e m а Where: T = outlet (overboard) cir- 
ea 0 
101.14 - 67 culating water temp.,°F. 
= 101.14 - Du Tan 
| T, = saturated steam temp., at 
= 101.14 - 24.3 = 76.842 F. condenser pressure 


b.3) CONDENSING SURFACE AND NO. OF TUBES 


Where: G = Gallons of circulating 


WAh water/min. 
SS O 
UNO l 71? W = Steam condensed, lbs/hr 
_ ооа, 500 = Conversion factor for flow 
500(9. 84) 


rate and circulating water 


= 14,500 GPM 
density 


Where: A = Total condensing surface 


and A = 2-5 mn based on 0.D. tube area, £+2 
= 4000 ғұ? 
Where: N = 5 number of tubes рег 
N. = == Су = 2,370 Tubes water pass 


b.4) CONDENSER SIZE 
Assumed: Area of tube holes in tube sheet does not exceed 


24% of the total tube sheet area before drilling. 


2 2 
.15(5/8 | 
Area per tube = 1 = 225 : (2% - .7854(5/8)2 = 0.3068 in? 





m - 


Area of Holes - 2,370 x .3068 = 723 in? 


123 
.2H 


Minimum Tube Sheet Area: 3020 in? = 20.9 ft? 
For water box depth not less than one-half tube sheet diameter 


but not greater than 45 in. 


For circular tube sheet 


2 2 БОЛЫ _ £+2 
Er ке 
d = 5.15 ft 
Water box depth = = 2.57 ft 


Total Length of Condenser: 


НЕ (057ү) 


L + 2 (water box depth) 
OS ZO LO 
USE Є! 


Total Width of Condenser: ЕЕ т с" 


Total Height of Condenser: 6.48 ft n 6' 5" 


b.5) HOTWELL VOLUMETRIC CAPACITY 


117,000 
60 


Steam Rate/min = = 1.950 155/010 


Specific volume v of saturated condensate @ 101.14 
= „0161 £t?/1b 


". Hotwell volumetric capacity. 
ENTE 
LB 


H 


15950 Бк е 10 


l! 


31.u0 ft3/min 
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APPENDIX B--INTERCOOLER DESIGN (FULL POWER CONDITION) (27) 


Aue iw SEA 
WATER 


OUT 





AR OvT 


Core Dimensions Chosen: 
a) Air side frontal area, Afp = 5 x 20 = 100 wee 
b) Water side frontal area, AER y oes Ес 
с) Total volume = 25 х 20 = 500 ft? 
шша binned! cirenlar itube--Jameson Data 
Continuous fin СЕ 9.05-3/4 J-E Kays & London (27) 
See Figure B.1 (68) 
AIR SIDE 


192795 000080857 mr 


| 


Air flow rate 


Air humidity sog бе. НоО тъ E 


Air entering, temp. °F. 1319 T ge] oR 


Air entering, press. psia 20.6 psia 


Air leaving, temp. °F. (02 F = 5300 





(89) 5отієтледовавцо eqn, peuuTj--UsTseq летооолезці ТЯ елчпЗті 


е3/ 21) 801 661 619 168 801 әшпцол [8103/8318 тозиеплеон 

0460 LEGO 8890 0460 ССР () Baie |езпод/езле моц 9944 

Y TIZO'O 6S10°0 СУУО 0 692070 89100 1әзәшътр juapeamba agessed пу 
СІ (7 2 Я F 

cego еәле |е101/ез.е и 

1 0100 5599121 ша 

e= 01 х п/9 ш/60:6 youd uty 


OOT 08 09 Ov OE ‘Ul $//'0 GO 299], 


8000 | 
TOT ШЕ рискавао «аманла 















| y че 
— НЕ 8000 7-5 
= Burseds “ЕНШІ ЕТТІК” 
— | У | отоо 
„Џи 204 Әје25 01 
„610 0= 9 
par ul. 
zm 21--- 
E 200 
SÍ 
IS 
=== — £00 
Mun. P 
00 
u 
ЕГ 
ШЕЛІГІ 900 
ИМЕ ЈЕ j 
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Surface Characteristics--Table 14 (27) 


Flow passage hydraulic ‘radius Чена = 0.02108 IL 
Pha 7 0-00527 ft 
Total air side transfer area/total 
volume da = 108 ft2/ft? 
Free flow area/frontal area gu D 
Fin area/total area - 0.835 
Fin metal thickness 000 0120/12. =: во ОЕ 
Pin material, aluminum k= 100 ВЕБЕ В 
Fin length, 1/2 distance between tubes, Е = 0.2595 in 
(1.982 - 1.463) _ 2505 3, 
2 
Ë | 319Б 
Fluid Properties Th ! 
а n 
R = А 
А! Те = 5 
дог 
— - O > 
nor WATER 
E] 
Е 
Ten за 
INTER COOLER LANGTH 
Average air temp., ТЕ 
ве Tei. й Neon: hi Й SE к (Thout г Тоз) 
р In Thin - Teout! 
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ВИСЕ 00299 - 75 6 — 9.6 76 4 8 
2 ln 46/3 ln 15:3 272 





ПРАТО О = Г 


with this T. average, Fig. 114 (27) 


Viscosity, u = 0.046 lb/hr ft 


Бреал: по. P, = 0.700, pe = .7883 


срасшеше Е. С - 0.280 Btuüu/ID." F 


P 

Correct specific heat for humidity: Fig. 116 (27) 
A 256 БЕШ ае 

Now assume 2% pressure drop, outlet air pressure is: 


20.600 - .02(20.600) = 20.188 psia 


Correct specific volumes at inlet and outlet for humidity, Fig. 116 (27) 


1 = Inlet Wee: SS 
ER мз а Ж = RI] „ 59.995 * 991 — - 10.884 ft?/1b 
p ХО ЕР 0.98 x 20.6 x 144 
i aw ^1 
1 1 RT) 53.345 X 530 
s ода ПО ee eee role 
v2 7 P2 Хиро» | 0.98 х 20.188 x 144 j 


3. Reynolds No., Stanton No., and Friction Factor and ha 


m IL мово 


С = m/free flow area = ————— = —t2t а = 22,390 18/hr ft? 


Пеи Па 73109 20.572 57.2 


Е ера 5 а (21.08 х 107°)( 22,390) 98220 


Reynolds No., R 
У | € u | 56 x Ge 


From Figure 98 (27) 


Friction пастет = f с 0,0268 


h 2/3, _ - An 

and GG ir ) = .0046 St = ec + Stanton No. 
hg x 10^" -3 
* S. = —— = 5.84 x 10 = .00584 


7.88 х 1071 


(5.84 х 1073)(22.39 х 103)(2.46 х 1071) = 32.2 


il 


= x x 
DIN ze 


Btu/hr ft OF. 








— poe 
WATER SIDE 
Water flow rate m, = 3,000,000 1b/hr^6,000 GPM 
Water entering, Temp., ° Е. - 67? F. 
Water leaving, Temp., 9 F. - 859 Е. 
1. Surface Characteristics 
Outside dimensions per tube = 0.774" ID 


Frontal area associated with one 


tube (1.982 * 1.375) Ren‘ 
Free flow area of one tube, ті - 0.60759 in. 
Inside periphery of one tube, TD, = 2.43 in. 
Free flow/frontal area 50759 б = 2229 


No. of tubes = 3600 in?/frontal area = 3600/2.725 = 1321 


Water side transfer area/total volume 


Ср торе? ~ Непаоних no. of tubes _ 2 20 321 - JN NES 





vol 12 500 й 
Water side flow passage hydraulic radius, гр, = D/4 = .1935 in. 
= OHIO dis ТЕ; 


14163 


“аж - 0.1774 У 


«п 
1. 3ND 








SS 


2. Fluid Properties 
Average water tenps D = 76 
with this temp. (От), Fig alls) 
Џпссов у и = 2.3 1b/hr ft. 
Бра НОБ = 6.3 
Specific HT, Ср = 1.0 ВЕ IDEF; 
Specific vol., v = 1/64.0 = .01565 a 


3. Reynolds No., Stanton No., Friction Factor and h 


G = Tw - LE E ото тоз ле ка 
free flow area PE X Ow 25 39842220 


Un x G -2 5 
R. = Dr НОСИ х 10 i x 10°) = 15.2 x 103 = 15,200 
и : 


From Figure 28 (27) 


5+ CN Seo u Uw = viscosity of water 
m 
Um = mean viscosity 
=Й os Sy = „0014 
Um 


From Figure 29 (27) 
Friction factor, f = 0.0068 


and hy, = Sp X G x C, = (14 X 10°*)(5.40 % 109)(1.0) = 755 Btu/hr-ft2 9 Е. 


Fin Efficiency and Overall Surface Effectiveness 


I EncEtrieciency 








М 2 Che) =" V2 800) = СИЕТ 10 = УВЫ = 25.4 
S а 
kŠ OS LX TOS) 


zy 
m x ç = 25.4 x E = 548 
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p - 1.463 _ „733 o METERS E 1.89 
О 2 үз "356 
ғ r; = 188 = „386 
F; і 


From Figure 1 (27) 


"гір = 0.88 


2. Overall Surface Efficiency 
al о г у з 1 - (835 (15088) 
no — ПЕ . : 
A 
ЕЕ х 10-1012 х 10-2) 
ана 100 = тел 


no = 0.900 


Heat Transfer Coefficient and Intercooler Effectiveness. 





в i 1 1 1 
gu E EM On EE ое 
UNE noha or. 290910 32.2) 10:70755) 

соу 
100 х 1072 2 
ША = = 21.0 Btu/hr-ft? ? F. 


4.765 x 1072 


Са = 1,277,000 * .246 = 315,000 (air side capacity rate) = Сас 
Са = 3,000,000 * 1.0 = 3,000,000 (water side capacity rate) = e 
As AA O 


NTU = Vata = 108(500)(21.0) = 3.6 andCmin = 3.15 x 105 . 105 
Cn 3.15 х 10 Са ЗЛО е 


From Рариге ВИА). 


Effectiveness, є, = 0.95 
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EFFECTIVENESS 6 





GROSS -FLOW EXCHANGER WITH 
FLUIDS UNMIXED 
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Figure B.2 Intercooler Design--No. of Transfer Units (27) 


(NTU versus Effectiveness) 
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C (Tua ча ) 
e оли Nout Pre ants a 
ae Tor Team: 
m Cin 


Th ӘЛ SU) = 131 - 60.8 
out 


Thoyt = 70-2° F. (Temperature into gas turbine) 


Pressure Drop, Air Side 
For flow normal to tube banks, entrance and exit losses are neglected 


and the pressure drop is: 


СИ | зо РОС 


(flow (core 
accelerator) friction) 


L -= 20 = .317 x 103 = 317 
Mm 12 Х 5.27 х 10-3 


Ж 
Ас 
ШЕР o2 = 1 + (.572)2 = 1.326 


= 53.345 x 580 _ = 10.65 £t3/1b 
то .98 х 20.3 х 144 


AP . (22.39 х 103). | 10,8цц 1 Г( 9.924 
EM : м 
БД | 3.6 х 157 ES x i I de М ar |: 


+[(2.8 x 107?)(3.17 x 102) 2258213) (38.6)(1.685 х 1077) 


10.844 (20.6) (1494) 


. 


е-е O а -2 
(101.920). 9.5х10 148.71) el Da + 2 


(65.1 х 10-1 " 
(20.6)0104) — (7.574) 2 16.95 x 10 = .01695 or 1.6959 pressure drop 


NET GAS PRESSURE DROP THROUGH INTERCOOLER: 20.6 psia x 1.695 x 1072 


= 34.9 x 10% = .349 psia 
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APPENDIX C. DETAILED DESCRIPTION OF THE GENERAL ELECTRIC MS 5322(B) 
GAS TURBINE 


General Description (24)(60)(67)(70) 

The General Electric gas turbine Model 5322 (B) has basic character- 
istics as shown in Figures C.1 and C.2 (60). It is an industrial heavy- 
duty two-shaft marine engine with variable angle load turbine nozzles. 
The gas turbine consists of a 16-stage axial flow compressor, combustion 
chamber and wrapper, and a single high pressure turbine coupled directly 
to the compressor shaft. The high pressure turbine discharges into a 
two-stage low pressure (load) turbine which is coupled directly to a con- 
trollable and reversible propeller via a locked train reduction gear ar- 
rangement. The load turbine has variable angle nozzles strator vanes each 
of which passes through the casing and is connected via linkage to the 
other nozzles--thus all can be rotated simultaneously. Rotating the vanes 
to increase nozzle area drops the inlet pressure and decreases the energy 
passed on to the load turbine, while closing the nozzle increases the 
energy to the power turbine. The great advantage of the variable angle 
nozzle for use aboard ships is the ability to keep firing temperature at 
a maximum by automatically adjusting the variable nozzle to reduce air 
flow. With a heat recovery steam generator placed after the gas turbine, 
it is desirable to keep exhaust temperature high to gain maximum heat re- 
covery. This can promote lower fuel consumption at off design power 
levels. See Figure c.3 (60) 

1. Compressor (24) 

The compressor is a 16-stage axial flow design, with air flow 
from inlet to discharge. Air is compressed in small increments in the 


space between the rotor and stator blades, that is, alternate rotating 
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GENERAL ELECTRIC MODEL M5322B *32550HP GAS TURBINE 


ESTIMATED PERFORMANCE 
COMPRESSOR INLET т RE 59 F (15 C) 
COMPRESSOR INLET PRESSURE 14.7 PSIA (760 mm OF Hg) 
FUEL "NATURAL GAS 



































DESIGN OUTPUT HP 32550 31750 
DESIGN HEAT RATE (LHV) BTU/HP HR 9240. 9400 
DESIGN i CONSUMPT ION (LHV) BTU/HR 300.8хі0 298.5х106 
RATIO HHV/LHV 1.11 1.06 
DESIGN AIR FLOW 923,000 LBS/HR 
DESIGN SHAFT SPEED 4670 RPM 
E ope NOTES: Бирата m == a] 
Pre |. ALTITUDE CORRECTION ON CURVE ЕО ЕВЕ ЕЕ: 
аа ЧІВНАЧІВ. — рар 
Е a) 
EEE 2. AMBIENT TEMPERATURE CORRECTION анна |Т 
ee. ON CURVE ЧІ8НА89Ч. нар 
r | ЕЕ 3. PRESSURE DROP EFFECTS: атыша s 
к % ЕРРЕСТ$ —— р ш» 
—-— тт HP HR. 
eNO INLET -2.1 +11 
(OE | 
кор р 4" Н20 ЕХН. zu кісі 
EEE у, FOR EACH ADDITIONAL 4" H20 Eee 
o ареа=с т PRESSURE DROP INCREASE AU] чене тае E 
E s EXHAUST TEMP BY 3°F. бе = | зад 
EEE 5. МАХ. EXHAUST TEMP. CONTROL ` [DICE 
CID ETT ESO O ee: 100% ==) 
A AAA ——— — -— ; x - Irt а сыға тот | 
| KR аи orae c gen ucu sa RE 
Mu зали зорю Позняк cv torpe | E А тнт 
ren ee en =з 
кесиш Г [| E ERAN | 
a | 
аа ыр ра a EA 
======>= I 
Eu =: — 1 
—— ^o —- — ° Й | п ro 
E 2 22 E с | 
[Mt esa | pees Eger cime mele [т] = = 
— (+ Hat ет ааа mE 
м „2 I a 
[E A ET [A AR ssp ыы A 
А ATAR s 
—— = ac sa а 
TN = 2-2. 
наран Е рас ; t€! = e 
ПГ 82] .___: _._ 5: 0) Е : m AN Seren] 
O C U | [жес у. зш = SSSR RES | 
Ca р. А еее [AAA IRAN | 
р На А 
—— кереге еткен 
[ta арығы 
[Poeta Но мое сирна 
перен 
== 
ALA TI 
а УЈАК. ІМ 


= == 
a 


Figure С.1 General Electric Model 5322 (B)--Estimated Performance (60) 
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GENERAL ELECTRIC MODEL SERIES 53228 








EFFECT OF COMPRESSOR INLET TEMPERATURE ON 
MAXIMUM OUTPUT, AIR FLOW, AND HEAT RATE AT 


100% SPEED 
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Figure C.2 General Electric Model 5322 (B)--Effect of Compressor 


Inlet Temperature (60) 
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and stationary airfoil shaped blades. See Figures C.4 and C.5 (24)(71). The 
compressor from inlet to outlet has a pressure ratio of 8.2:1 at an RPM 
of 5100 and a mass flow of 348.5 (full power supercharged). 

The inlet casing is designed to guide inlet air from the intercooler 
through a right-angled turn into the horizontal axial flow compressor. It 
is made of nodular cast iron and carbon steel, and contains the forward 
journal bearing (No. 1), high pressure Kingsbury thrust bearing, associ- 
ated lube 011 connections, as well as inlet guide vanes. The main part of 
the compressor casing is split horizontally and consists of a forward, 
after and outlet sections. The forward compressor casing contains the 
stator blading and rings for the first four compressor stages and bolts 
directly onto the inlet casing. It also has the extraction belt from the 
fifth stage used for air bleed during start-up and for sealing air when 
the compressor is up to speed. The after compressor casing contains the 
Stator blades and ring assemblies for the middle six stages plus an elev- 
enth stage extraction belt. The discharge casing of the compressor con- 
tains the final six stator blades and the exit guide vanes. Exit guide 
vanes help to convert the whirl velocity from the last compressor stage 
into a pressure rise. The air then passes to an inner barrel of the dis- 
charge casing which forms a circular diffuser and increases the pressure 
with an attendent loss of velocity. From here the air goes directly into 
the combustion wrapper. The discharge casing houses the after journal 
bearing (No. 2) and well as labyrinth seals to minimize leakage. 

The stator structure is configured such that at the compressor dis- 
charge casing the casing itself branches into eight struts, located be- 


tween combustion chambers. These struts connect to the forward end of 
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Figure C.4 (24) 
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Figure C.5 High Pressure Section (71) 
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the turbine shell (casing) which extends downstream of the load turbine 
nozzle. Starting at the load turbine bucket inlet, the exhaust frame 
consists of a drum outside the exhaust diffuser, connected by six radial 
struts to an inner drum. The inner drum connects to the outboard load 
turbine bearing housing. 

The compressor rotor consists of blade and wheel assemblies and two 
stub shaft assemblies. The wheels are rabbeted and held together by bolts 
arranged concentrically around the rotor axis. The bolt holes in the stub 
shafts are ёбш әй | to reduce windage loss. The forward stub shaft con- 
tains the journal for the No. 1 bearing, the thrust runner for the high 
pressure thrust bearing, the sealing surfaces for the bearing oil deflec- 
tors, and the sealing surface for the compressor low-pressure air seal. 

The forward end of the stub shaft is machined for attachment of the acces- 
sory gear-to-compressor rotor flexible coupling. The aft stub shaft con- 
tains the journal for the No. 2 bearing and the sealing surfaces for the 
bearing oil deflectors. The forward end that bolts to the compressor rotor 
also forms the sealing surface for the compressor high pressure air seal, 
and the aft end is formed as a hollow cone, to which the first stage tur- 
bine wheel is bolted. 

The airfoil shaped blades of both the compressor rotor and stator have 
dovetail shaped platforms by which they are retained in similarly shaped 
grooves in the stator blade rings and the compressor rotor wheels. The 
blade rings also have dovetail shaped bases and are retained in similarly 
shaped grooves in the casings. The blade ring segments are prevented from 
rotating in the grooves by long locking keys which fit into grooves ma- 


chined in the horizontal joint flanges of the casings. The dovetails of 
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the motor blades are peened in place. 
2. Combustion System, Fuels and Fuel Treatment System (24)(70) 

The combustion wrapper is a cylindrical fabrication split on the 
horizontal centerline, enclosing the area containing the combustion cham- 
bers and the transition pieces. The combustion chambers are in an annular 
space formed by the outer wrapper and an inner cylindrical wrapper sur- 
rounding the compressor casings. The annular space is closed by a wall 
containing openings for insertion of, and access to, the combustion cham- 
bers which are closed by cylindrical cover plates. Figure C.6 Qu ) shows 
the passage of air from the compressor to the combustion section. When 
the air reaches the annular space a portion of that air enters the inner 
та and the combustion holes in the cap end of the lines--this is the pri- 
mary combustion air. Another portion of the air enters the cooling louvers 
which are distributed over the surface of the cap and liner. This air 
serves to provide a film of relatively cool air along the inner surface of 
the cap and liner and protects these surfaces from the high temperature 
combustion gases by means of convection. The remainder of the air enters 
the the large mixing holes and mixes with the combustion gases. The com- 
bustion chambers consist of twelve 10-inch diameter chambers located a- 
round the outside of the compressor housing and enclosed in the combustion 
wrapper, as stated earlier. Fig. (C.7) (оц) Fuel is introduced into the 
primary zone of the liner by a fuel nozzle which protrudes through the in- 
ner cap. The fuel nozzle gives support to the cap end of the liner and 
centers it in the outer casing. Combustion of the fuel and air mixture is 
initiated by spark plugs (two in number) located in separate chambers of 


the gas turbine unit. Crossfire tubes provide for near-immediate ignition 
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Typical combustion chamber liner. 
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Combustion section showing combustors in various Stages of assembly. 


Figure C.7 (24) 
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to the remainder of the combustion chambers. There are also two ultra- 
violet flame detectors located in two separate combustion chambers which 
are different from the chambers which house the spark plugs. An indica- 
tion of loss of flame by one of the detectors will sound an alarm, while 
a loss of flame indication to both detectors will shut the gas turbine 
down. There are also flame sight ports in the covers to visually check 
the combustion system. The hot gases pass through the chamber to the 
transition piece, which serves to conduct them to the annular turbine noz- 
zle. The transition pieces are bolted firmly to the first stage nozzle 
ring by a single bracket so that the sides of the transition piece are 
free to move relative to the turbine nozzle ring in order to accommodate 
differential thermal expansion. Air seals are also used in the transition 
piece to prevent excess leakage. 

As presently configured, this gas turbine will use Navy Distillate as 
the basic fuel as specified by the American Society for Testing and Materi- 
als. Navy Distillate has properties and contents not yet fully determined 
with regard to sodium and vanadium, and the 1.3 sulfur may present problems. 
The latter 1s important because of the waste heat boiler, and "cold end cor- 
rosion" may form as the sulphur combines with water vapor to form sulphuric 
acid. From this list of specifications, the most important to the high 
temperature, high performance are the vanadium and sodium contents. During 
the combustion process, vanadium's corrosive action is the destruction of 
the protective oxide layer that normally exists on the surface of heat re- 
sistant alloys, thereby exposing the base metal to attack. Sodium is dan- 
gerous insofar as it combines with sulfur to form sodium sulfate. When this 


acts with catalytic agents such as chlorine or carbon, sodium sulfate 
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attacks the metal grain boundaries. Often this attack takes place unde- 
tected until the turbine blades break catastrophically. In the event that 
these levels are too high, one may resort to the installation of the system 
shown in Figures C.8 and C.9(72,73)which basically washes away sodium and 
calcium (also harmful) and brings the fuel oil down to acceptable levels. 
The vanadium may only be removed by chemical additives, usually magnesium 
sulphate. The addition of this fuel treatment system would give the ship 
the ability to burn residual fuels if distillate is not available. For 
purposes of analysis, plant layout, and costing, the system has not been 
included, and fuel will be treated only with centrifugal Ее. 

3. “High and mer Pressure (Load) Turbines (Fig C. 10) (24) 

The high pressure turbine rated speed is 5100 RPM and the load 
turbine rated speed is 4,670, with capability of continuous operation at 
up to 4900 RPM. The turbine section of the gas turbine unit is made up of 
the following major component assemblies: the turbine shell, the exhaust 
hood frame and the exhaust hood skin, which encase the turbine rotors and 
serve as structural members of the unit assembly; the first and second 
stage nozzle assemblies which form the stationary portion of the gas path 
from the combustors to the exhaust hood and divide the energy of the com- 
bustion gases between the two turbine rotor assemblies; the second stage 
diaphragm assembly, which separates the first and second stages and pro- 
vides the means of distributing cooling air to the inner faces of the tur- 
bine wheels; and finally, the two turbine rotor assemblies, consisting of 
high-pressure or first stage wheel and its buckets or blades which are 
bolted to the compressor aft stub shaft to form a high-pressure rotor as- 


sembly, and a low-pressure or second stage rotor. The first stage provides 
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the power necessary for dividing the unit air compressor and the turbine 
driven accessories. The second stage rotor provides power out to the re- 
duction gear, shafting, and ultimately to the propeller. It has been mod- 
ified from the normal machine due to larger power required. The stator 
parts of the turbine section are split in half on the horizontal plane for 
ease of disassembly and reassembly for maintenance of the machine. 

The first stage nozzle consists of twelve precision-cast segments. 
Each segment contains three vanes. Trailing edge cooling is obtained by 
compressor discharge air that passes in the vane core and then through 
holes onto the vane pressure surface immediately upstream of the trailing 
edge. All three stages utilize precision cast, long shank buckets. The 
long shank feature shields the wheel rim and bucket root fastening from the 
high temperature in the main gas stream, and adds vibration damping. The 
first stage bucket vane is hollowed out to reduce the centrifugal load and 
also to reduce transient thermal stresses. The second and third stage 
buckets use a tip shroud to provide vibration damping and to mount seal 
teeth that reduce the tip leakage flow. 

The second stage nozzle consists of 32 precision cast nozzle vanes 
mounted on shafts that extend radially through the turbine casing. Each 
shaft carries a lever arm that connects to the control ring which rotates 
around the casing to vary the nozzle throat area. The control ring is ac- 
tuated by a hydraulic cylinder operated through the control system. 

The exhaust hood assembly receives the exhaust gases from the turbine 
and directs them to the exhaust duct. Essentially, the exhaust hood as- 
sembly consists of the fabricated exhaust hood frame and the sheet metal 
exhaust hood skin. The exhaust hood frame consists of an outer barrel 


which is bolted to the after vertical flange of the turbine shell. An 
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annular exhaust diffuser is located between the inner and outer barrels. 
Turning vanes are located at the end of the diffuser to turn the gases 
radially outward. 

Marinized General Electric gas turbines seem suited to operate in a 
marine environment. The inlet guide vanes of 316 L (Low Carbon) Stainless 
steel were first used in 1961. All 75 units that have operated in a salt 
air environment have had no failures with them as opposed to the 304 series 
stainless steel which preceeded them. The turbine wheels are made of A286 
high nickel content austenitic alloy with good fracture toughness, no low 
temperature ductility problem and very resistant to corrosion. 

ц, Auxiliary Systems 

a. Bearings, Lubrication System, and Cooling Water System-- 

There are four gas turbine unit main bearings numbered 1-4 start- 
ing at the compressor end. All main turbine bearings are pressure lubri- 
cated by lube oil supplied from сэ turbine lube oil header. Branch lines 
carry the oil from the header to inlet ports located on the unit near the 
bearing to which the oil is supplied. Each bearing housing contains a pas- 
sage which admits the lubricating oil from the feed line into an annulus 
around the bearing liner. From the liner, the oil goes directly to the 
journal and then drains back to the lube oil tank. There are also oil 
slingers which consist of steps in the shaft, on either side of the journal, 
that sling oil radially outward into the bearing cavity. Oil on the surface 
of the shaft which passes by the slingers is prevented from escaping by the 
oil seals, which are essentially labyrinth packings of oil deflectors.  Pres- 
sure sealing air is admitted to these seals to minimize leakage of oil. (See 


Entire C. 11)(24,) 
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Air seal 

011 deflector and air seal 
First stage nozzle 

Second stage nozzle 


No. 3 bearing 

High pressure (first stage) turbine 
Diaphragm 

Low pressure (second stage) turbine 


М» С) К 
со -3 © «л 


No. 3 bearing assembly (Typical). 


Figure C.11 (24) 





-176- 

The lube oil system in general consists of a closed forced feed system 
including pumps, coolers, filters, valves and miscellaneous control and pro- 
tective devices. The lube oil system and lube oil tank are integral parts 
of the gas turbine system. Taking suction on the 1700 gallon lube oil sump 
are three lube oil pumps: 1) main pump, driven by the accessory gear, 2) 
auxiliary pump, driven vertical a-c motor, and 3) an emergency pump driven 
by a vertical d-c motor. Lube oil coolers are installed in the lube oil 
tank with water supplied by the ship's cooling water system. A regulating 
valve opens and closes depending upon the oil temperature in the lube oil 
header, which attempts to maintain the oil temperature at 130° F. 

b. Starting System, Turning Gear and Shaft Brake-- 

The gas turbine is started by a 300 horsepower, 3600 RPM induction 
motor in conjunction with a "twin disc" torque converter and step-up gear. 
The gear and torque converter are integral with the motor and connected to 
the gas turbine by a jaw clutch through the accessory gear. The motor will 
be supplied with power from the 1000KW diesel generator during inport peri- 
ods, or whenever the main turbine is secured. 

The propulsion shaft turning gear is mounted directly to the double 
reduction gear. It consists of a 15 horsepower reversible motor, operating 
on 440 volts, three phase, 60 cycle power. This will turn the propeller 
shaft approximately one revolution in ten minutes. 

Since this gas turbine plant has an independent load turbine and a 
mechanical drive type of transmission, there will be sufficient torque at 
idle conditions to rotate the propeller. A shaft brake can be used to pre- 
vent the lineshaft from rotation. The brake is of the disc clamp type, 


hydraulically operated and mounted near the reduction gear. It will be 





u 


designed to absorb the kinetic energy of the propeller (neutral pitch), 
Jire shaftine, main reduction gear and the power turbine with the ship 
dead in the water and with the gas turbine at idle fuel setting. Ten 
separate braking pads, mounted on a horseshoe-shaped bracket, are hy- 
draulically operated and clamped to a rotating brake disc to produce 
braking action. No lubrication or cooling system is required, as heat is 
dissipated by radiation. The hydraulic pressure comes from the main С 6 
RP propeller servo pump. 

с. Base, Supports and Shock Requirements-- 

The gas turbine is mounted on a structural steel base. Fabricated as 
an integral part of the base is the oil tank which contains the lube oil 
supply for the gas turbine. On the aft end of the base is an oil sump, 
which receives oil from the No. 3 and 4 bearings. The oil sump is con- 
nected to the oil tank by an oil channel which is fabricated along the web 
of one of the longitudinal I-beam members of the structural steel base. 
Finished pads are provided on the bottom of the base to facilitate the 
mounting of the unit on the foundation Sole plates. 

The gas turbine supports consist of a flex plate just aft of the inlet 
hood, bolted to the inlet casing and welded to the base, with a similar 
flex plate at the aft end. The flex plates are rigid laterally to keep 
athwartship alignment, but are flexible axially to allow for thermal ex- 
pansion. The aft flex plate can be shimmed if required to align the unit 
to the load gear. A jacking pad is provided under the turbine shell to 


support the unit during disassembly, or removal of the load turbine. 
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АРГЕН D LIST OF EQUIPMENT AND SPECIFICATIONS (24) 
р.1 MAIN AND AUXILIARY MACHINERY 


Item Ко. / 
Ко. Item Ship Description 








1. Main Propulsion Gas 2 General Electric Model 5322 B 
Turbine single cycle, two shaft gas 
turbines. Complete with electric 
motor starters, unit base 
mounted and arranged for verti- 
cal inlet and exhaust ducts. 


ЗА. 2 Sets Speedtronic Governing and 
Temperature Control Systems. 


ТБ, 2 Sets Protection System consisting 
of overtemperature, overspeed, 
flame detectors, vibration 
detectors and alarm and trips. 


ше, 2 Sets Sequential System to provide 
logic functions required for 
start-up, running and shut- 
down. 


19, 2 Sets Power Supply Systems 

a. Power output for inductor 
alternator on turbine 
shaft. 

b. 125 volt, dc power from 
ship's batteries - ac 
power obtained through a 
static converter. 


ТЕ} 2 Ignition Systems 


ДЕ, 2 Sets Thermocouples 





СЕЕ 





Item Ко. / 
No. Item Ship 
2. Inlet Air System 2 
3. Exhaust System 2 
Ц. Supercharger Steam 2 

Turbine 
5. Reduction Gear 2 
6. Supercharger Compressor 2 
7. Controllable and 


Reversible pitch 
Propeller 


Description 


Equipment includes: 


a. Air inlet house-weather pro- 
tected, complete with demistors. 

b. Inlet silencer assembly with 8- 
foot (2.44 meter) length of 
silencing section. 

c. Transition duct between silencer 
and compressor. 

а. Dynavane-type separator after 
intercooler. 

e. Inlet ducts between silencer 


and filter housé. 


Equipment includes: 


a. Exhaust transition duct between 
HRSG and turbine. 

b. Expansion joint. 

с, 1085 10)! НЕЗС bypass duct 
with butterfly dampen. 

d. Exhaust duct from HRSG. 


12-stage impulse, single casing, 
Marine-type, for steam conditions 
Of 50 рана /DUSTE., 2" he abs: 
Full power steam rate of 6.95 1b/ 
shp-hr rated hp (7750) at 4950 rpm. 


Marine type, articulated, double 
reduction gear. Single pinion in- 
pút sinele output, rated 50, 208 
shp and 33.4:1 reduction ratio to 
140 prpm. Complete with turning 
gear and shaft lock. 


Two-stage axial flow, maximum 
pressure ratio 1.4:1, 4950 rpm at 
full power, 348.5 lbs/sec, flow area 
8.13 ft?. 


Capable of absorbing 50,200 shp, 140 
bpm, H-bladeG 222.3 ft. dia. в 
21.099 0T К Ме! design as in Table 
25; 
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Item Мом 
Ко. Item SID Description 


8. Heat Recovery Steam 2 Unfired type to operate on gas turbine 
Generator (HRSG) exhaust gas. Rated 1,253,000 lb/hr at 
475 psig, 750% .F. at non-return valve. 
Also recirculates 96,000 1b/hr heating 
water from the economizer and 15,000 
lb/hr of saturated steam for ship's 
services. 


9. Deaerating Condenser 2 Scoop salt water circulated, single 
pass, straight tube type. To condense 
117,000 lb/hr of 90% quality steam at 
2 NES ADs. 14,500 GPM, total cooling 
surface 4000 ft? (See Table 3.7 and 
Appendix A.5) 


10. Condensate Pumps 5 Motor-driven rated 25 shp, HHOV, 3- 
phase, 60 Hz. Capacity 400 gpm at 
feedwater temperature of 101° F. Total 
discharge pressure 60 psig. 


11. Intercooler 2 Scoop circulated, single pass continu- 
ous finned tube, air flow rate of 
1,277,000 lb/hr, water flow rate 6,000 
GPM, effectiveness, .95, maximum gas 
pressure drop .349 psia. 


12. Boiler Feed Pumps y Steam driven. rated 144.5 shp, with 
lube oil $ystem. Capacity 500 gpm at 
temperature of 105% F. to total dis- 
charge of 700 psig. Sized for 100% 
capacity. 


13. Lube Oil System 2 Complete with pumps, valves, strainers 
and piping. To provide lube services 
to gas turbine, supercharger steam 
turbine and reduction gear. Mounted 
and packaged on separate skid. 


14. Shaft Brake 2 Disc clamp type, hydraulically actu- 
ated.  Braking pads, mounted on a 
horseshoe-shaped bracket clamp to a 
rotating disc for braking. Ко lubri- 
cation or cooling system required. 


15. Auxiliary Boiler 2 Drum pressure 135 psig, 30,000 lbs/hr 
welded wall construction (see Table 
3.8) Combustion Engineering V2M type. 





- №: - 





Item Ко. / 

Ко. Item ship Description 

16. Cooling Water Pumps 4 Motor-driven, rated 78 shp, 440V, 3- 
phase, 60 Hz, sized at 60% capacity 
for 5820 gpm of cooling water at a 
total discharge head of 40 feet. 

17. Vacuum Pumps 2 Motor-driven 20 HP, 1170 RPM, Nash 
type, 50,000-250,000 lbs/hr steam 
rating. 

18. Steam Turbine 4 1500KW rated, 450V, 3-phase, 60 Hz, 

Generators 0.8 p.f., steam conditions 450 psig 

2" Hg. Abs. Base mounted, complete 
with lubrication system. 

151: Omer Group Control 2 Grouped motor-starters for gas tur- 


bine auxiliaries. Drip-proof fully 
gasketed with pan-type dripshield. 


20. Main and Emergency 


Switchboards Ше Бен Drip-proof enclosure for distribution 
breakers for shipboard electrical 
service. 

21. Fuel System (Base 2 Distillate oil fuel system with high 
mounted on gas pressure air atomizing including: 
turbine ) 


(2) Fuel oil inlet pressure gauges-- 
line mounted. 

(2) Fuel oil pressure gauges. 

(2) Fuel oil stop valves. 

(2) Shaft-driven, variable dis- 
placement fuel oil pump hydrau- 
lically actuated. 

(2) Sets of fuel nozzles. 

(2) Fuel oil flow dividers. 

(2) Fuel oil filters ahead of stop 


valves. 

(2) Wivelecrimtilters ahead of TION 
dividers. 

(2) Atomizing air compressor, shaft- 
driven. 


(2) Starting atomizing air compres- 
sor, motor-driven. 
(2) Centrifugal purifiers. 


22. Central Operations 2 Соме не о 
System 
(2) Engine room consoles with 
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Item Ко. / 
No. Item Ship Description 





information display, monitor and 
alarm for continuous automatic sur- 
veillance of operating conditions. 
Program controls, sub-loop controls, 
data logger (optional), bell log- 
ger, start-stop of gas turbine, 
engine order telegraph, phone, 
throttle control, sensors and 
instruments. 


(1) Bridge Operating Consoles with 
throttle control, engine order 
telegraph, phone, and supervisory 
instruments. 





о 


j 


12; 
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APPENDIX E. 


INCLUDING MACHINERY SIZE AND WEIGHTS 


TABLE E.1--WEIGHTS OF MAJOR COMPONENTS (PER ENGINE ROOM) (24)(42) 





MS 5322 Gas Turbine and Accessories 
Supercharger Compressor and Steam Turbine 
Intercooler 

Main Condenser 

Main Reduction Gear 

Controllable and Reversible Pitch Propeller 
Heat Recover Steam Generator (Wet) 

1500 KW Turbogenerators (2) 

Main Feed Pumps (2) 

Main Condensate Pumps (2) 

Vacuum Pumps (2) 


Auxiliary Boiler (Estimated Wet) 


PROPOSED PLANT LAYOUT FOR AOE-1 CLASS 


235,000 
85 „000 
48,000 
28,000 

247,000 

136,700 

210,000 
60,000 
14 „000 

6,000 
8,200 


35 000 


1Ъз. 
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Figure E.1 Elevation--No. 1 Engine Room 
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Figure E.2 Lower Level--No. 1 Engine Room 
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Pigure E.3 Middle Level--No. 1 Engine Room 
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Figure E.4 Upper Level--No. 1 Engine Room 
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APPENDIX F--SUGGESTED MANNING SCHEDULE 


I troduction 

A manning schedule is proposed as a possible example of what the AOE-1 
Class of ship would require with this type of power plant. While gas tur- 
bine manufacturers in general indicate that gas turbine plants may be run 
with essentially unmanned spaces, for practical purposes, the Navy would 
be reluctant to do this, as the mission of a Navy ship is different than 
that of a merchant ship. Additionally, as stated before, most of the large 
maintenance (up to but not including compressor reblading) would be done by 
Navy personnel, thus there is needed a large reserve of talent aboard ship. 
These men can man the main spaces curing General Quarters and Underway Re- 
plenishment, which is the primary function of this ship. 

Two schedules are shown for operation of this plant. One shows the 
basic propulsion personnel who would be assigned to the ship, the other is 
a sample breakdown of the normal cruising watch, which would allow four or 
five sections. In all cases, control is generally expected to remain with 
the bridge console. Telephone communication would be continuous between 
the pilot house operator and the 'top watch' in No. 1 engine room, commonly 
called main control. The number of personnel in the engine rooms would re- 
main constant whether control is on the bridge or in the engine room. 

2. Suggested Schedule 


a. Propulsion System Personnel 


LOCATION 
Number 5 Coa Detalls £ 
Grade General Quarters U/W Replenishment Cruise 


1- LCDR Engineer Off. No. 1 Engine Room No. 1 Engine Room ---- 


Мипрег 5 
Grade 


ШЕ 


TEG 


28 TOTAL 


Main Propulsion 
Assistant 


Gas Turbine 
Assistant 


Damage Control 
Assistant 


Chief Engineman 


Chief Machinist's 
Mate 


Chief Boilerman 


Chief Internal 
Comm. Tech. 


Engineman First 
Class 


Electrician 
First Class 


Machinist's Mate 
Second Class 


Boilerman 
Second Class 


Machinist's Mate 
Third Class or 
Engineman 
Third Class 


Electrician 
Second Class 


Internal Comm. . 
Technician 


Second Class 


Fireman 
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General Quarters 


No. 2 Engine Room 


No. 1 Engine Room 


LOCATION 


Sea Details £ 
U/W Replenishment 


No. 2 Engine Room 


No. 1 Engine Room 


Damage Control Central 


No. 1 Engine Room 


No. 2 Engine Room 


No. 1 Engine Room 


Bridge Console 

Мо. 2210.72 
Engine Rooms 

No. 1 Switchboard 


Мо. 1, Мо 2 
Engine Rooms 


No l mom o 
Engine Rooms 


ПОИ е 
Engine Rooms 


No. 2 Switchboard 


TICA ROOM 


No. 1, No. 2 
Engine Rooms 


No. 1 Engine Room 


No. 2 Engine Room 


No. 1 Engine Room 


Bridge Console 

По. 1. Non? 
Engine Rooms 

No. 1 Switchboard 


По Маа 
Engine Rooms 


Ще 1. Шо. 2 
Engine Rooms 


10.21, 200.02 
Engine Rooms 


No. 2 Switchboard 


ST ROOM 


Nod po 
Engine Rooms 


Cruise 


EOOW 


EOOW 


EOOW 


EOOW 


EOOW 


EOOW 


Чыл» т=ш= me e 


Top 
Watch 
Swbd. 


Props 
Control 


Upper 
Level 


Lower 
Level 


Swbd. 


ТОЕ 
Room 


Lower 
Level 
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b. Underway Cruising Condition--Personnel per Engine Room 


1 


Engineering Officer of the Watch (EOOW) (Main control only) 


1 - Engineman First Class (Top Watch) 


al 


1 - Engineman, Machinist's Mate or 
Boilerman Second Class (Controls) 

1 - Electrician or Internal Communications 
Technician Second Class (Switchboards) 


1 - Fireman 


























"BEIDE 
«В Ноу 72 треї 





—— 


= 134727 


W8357 Woodruff 
A supercharaed heavy 
duty gas turbine and 
steam cycle as a pro- 
pulsion plant for 
Naval auxiliary ships. 





